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Executive Summary 
This report presents results of the analysis performed within the framework of 
“Dissolution, Reactor, and Environmental Behavior of ZrO2-MgO Inert Fuel Matrix” project 
managed by University of Nevada at Las Vegas, Harry Reid Center for Environmental 
Studies.  The main objective of the study was to explore the basic neutronic feasibility of 
using MgO-ZrO2 as inert fuel matrix for Pu recycling in conventional Light Water Reactors 
(LWR). 
 
The working program included the following four tasks: 
1. Benchmark of computational tools 
2. Determination of fissile Pu loading and the effect of MgO:ZrO2 ratio on cycle length  
3. Evaluation of burnable poison designs  
4. Evaluation of reactivity feedback coefficients. 
 
All the analyses reported here were performed with the ELCOS code system [1] on the 
fuel assembly level. The fuel geometry and operating conditions were typical of a standard 
PWR. 
 
The objective of Task 1 was to confirm the validity of the ELCOS code system for inert 
matrix fuel analysis applied to a standard PWR fuel design. Series of benchmark calculations 
was designed and carried out to include the possible range of fuel compositions. Both unit 
cell and 2-D assembly geometries were considered. The main computer code of the ELCOS 
system for assembly calculations – BOXER [2], was tested against MCNP[3] code with two 
different cross-section libraries (JEF2.2 and JEF3). 
 
The criticality prediction difference between BOXER and MCNP ranges between 0.13 
and 0.37% depending on the cross section library and Pu loading. The absorption rates in Zr, 
Pu240 and Pu242 isotopes were identified as major contributors to the discrepancy in 
criticality prediction. Relatively large Zr contribution to the total k-infinity prediction 
difference is due to the large Zr concentration in the fuel matrix as compared to a typical UO2 
fuel where Zr is present only in the cladding. The relative error introduced by the Zr cross 
section data uncertainty decreases with an increase of Pu v/o and related hardening of the 
neutron spectrum. 
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The fuel assembly benchmark case tested the capabilities of 2D transport module of the 
BOXER code. We observed reasonable agreement in criticality prediction of the standard 
17x17 PWR fuel assembly between BOXER and MCNP - on the order of 0.2% ∆ρ. The fuel 
assembly local pin power distribution predicted by the two codes is within 2% discrepancy. 
  
In general, the performed benchmark calculations confirmed that the BOXER code is 
suitable for the scoping studies of plutonium in fertile free matrix fuel designs. It predicts 
criticality, reaction rates and power distribution in fuel assembly with accuracy sufficient for 
the purposes of this study. 
 
The objective of Task 2 was to evaluate the fertile free fuel matrix composition effect on 
the fuel reactivity and corresponding reactivity limited burnup. Fertile free fuel with different 
MgO to ZrO2 ratio in the matrix will require different PuO2 loading in order to assure certain 
fuel cycle length. This is due to the fact that absorption cross section of Zr is slightly higher 
than that of Mg, although absorption in both of these elements is small compared to Pu.  
 
The scope of the Task 2 included two subtasks: 
- Determination of Pu loading necessary to achieve industry standard fuel cycle lengths 
of 12, 18, and 24 calendar months using the reference fuel matrix composition with 
1:1 volume ratio of MgO and ZrO2 components. 
- Quantitative evaluation of the matrix composition effect on Pu loading required to 
maintain the mentioned reference fuel cycle lengths. 
 
In order to account for the non-linear shape of the criticality as a function of burnup 
curves, modified Linear Reactivity Model was applied to the results of 2-dimansional fuel 
assembly burnup calculations in order to estimate the discharge fuel burnup. The reactivity 
dependence on burnup was described by the 3rd order polynomial function instead of 
conventional linear dependence assumption. Such LRM modification was found to be 
important. The error in discharge burnup estimation by the simple LRM versus more accurate 
polynomial description approach may reach up to 180 EFPD.  
 
All calculations in current analysis were performed for two Pu isotopic vectors: from low 
burnup LWR fuel with long decay time (PWR-33) and high burnup LWR fuel with short 
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decay time (PWR-50).  The difference in estimated discharge burnup between the two 
considered Pu vectors ranges from 30 to about 60 EFPD in the fuel cycle lengths range of 
interest. Therefore, we concluded that the Pu composition has generally minor effect on 
fertile free fuel criticality and achievable discharge burnup. This is partially due to the 
mutually canceling effects of higher Pu239 fraction but lower Pu241 fraction in PWR-33 as 
compared to PWR-50 grade plutonium. 
 
The results of the Task 2 analysis are summarized in Tables 1 and 2. The achievable fuel 
burnup exhibits extremely weak dependence on the fuel matrix composition. This is due to 
the low absorption in both Zirconia and Magnesia. Zr is slightly more neutron absorbing 
material than Mg. Therefore, an increase in ZrO2 fraction in the matrix results in a decrease in 
discharge fuel burnup and corresponding increase in required Pu loading. Variation of ZrO2 
volume fraction from 30 to 70% results in up to ±8 EFPD deviation from the discharge 
burnup of the reference 50% ZrO2 – 50% MgO fuel matrix composition. This range of 
differences in discharge burnup values translates into about ±0.04 volume % range in PuO2 
loadings required to achieve the reference fuel cycle length.  
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 Table 1. Pu Loading Requirements for Standard Fuel Cycle Lengths  
Cycle Length, 
Calendar Months 
Cycle Burnup, 
EFPD 
Discharge 
Burnup, 
EFPD 
PuO2 loading, 
vol. % 
(PWR-33 Pu) 
PuO2 loading, 
vol. % 
(PWR-50 Pu) 
12 302 905 4.84 5.04 
18 466 1398 7.55 7.78 
24 630 1891 10.25 10.60 
 
Table 2. Sensitivity of Discharge Burnup (EFPD) to Matrix Composition 
  ZrO2 vol. % in Matrix  
  PWR-50  
Cycle Length 30 40 50 60 70 
12 Months Cycle 909.4 907.6 906.0 904.3 902.7 
18 Months Cycle 1409.8 1407.3 1404.8 1402.5 1400.2 
24 Months Cycle 1902.1 1898.8 1895.4 1892.4 1889.3 
   PWR-50   
12 Months Cycle 899.5 897.8 896.1 894.5 893.0 
18 Months Cycle 1416.0 1413.3 1410.8 1408.5 1406.3 
24 Months Cycle 1907.9 1904.7 1901.4 1898.4 1895.3 
 
Heavy Pu loadings combined with absence of fertile isotopes with neutron capture 
resonances result in low reactivity worth of existing control mechanisms and inadequate 
temperature coefficients. Therefore, the main challenge encountered in neutronic design for a 
FFF core is to develop reactivity control system, which is capable to satisfy the performance 
and safety criteria of existing PWR plants.  
 
In Task 3 of the project, we assessed the potential of different BP designs and BP 
materials to reduce the critical boron concentration (CBC) of the Pu-FFF core to below the 
limit of 2000 ppm. The considered BP materials (B, Gd, Hf, and Er) were utilized in three 
geometrical arrangements: WABA-type, IFBA-type, and Homogeneous fuel-BP mixture. For 
each of the BP design options several sub-cases were considered, varied by number of BP 
rods per assembly, volume and/or BP material density. For each case, three main 
performance parameters of the BP designs were evaluated:  
− CBC required during the cycle, 
− Residual reactivity penalty associated with incomplete depletion of the BP material, 
− Assembly pin power peaking factors. 
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In order to evaluate these performance parameters, we developed a calculation 
methodology based on non-linear reactivity model (NLRM), which allows estimation of the 
fuel cycle length and the core CBC based on assembly level calculations data. 
 
The results of calculations, performed in this task, can be summarized as follows: 
WABA-type 
− Utilization of all BP materials in WABA-type geometry cannot significantly reduce the 
core CBC. 
− The residual fuel cycle length penalty is minimal because WABA absorbers are 
physically removed from the assembly after first out of three irradiation cycles. 
IFBA-type 
− IFBA-type BP designs with Hf and Er can reduce maximum CBC to 3,000 ppm. 
− IFBA-type BP design with Gd, 264 BP rods/assembly may reduce maximum CBC to 
2,400 ppm. Assembly pin-power peak exceeds in this case value of 1.2. 
− IFBA design alone cannot reduce maximum CBC below 2,000 ppm even if 100% of fuel 
pins in the core are IFBA pins. 
Homogeneous fuel-BP 
− Homogeneous Gd/fuel BP designs are capable of reducing the maximum CBC to less 
than 2,000 ppm. It was demonstrated that about 4 kg of Gd per fuel assembly distributed 
among 132 or 264 pins results in a relatively low penalty on fuel cycle length of 8 full 
power days. 
− A significant reduction of maximum CBC, below 2,000 ppm, may also be achieved by 
utilizing 2 - 3 v/o of Hf or 4 - 6 v/o of Er mixed in 132 or 264 fuel rods.  
− However, the major problem with using Hf and Er BP is the large residual penalty in the 
range of 40 to 150 full power days per cycle. 
− The possible solution to this problem is utilization of an enriched Hf or Er isotopic 
compositions.    
 
Finally, in Task 4, reactivity feedback coefficients of fertile free Pu containing fuels were 
evaluated and compared with those of conventional UO2 fuel. 
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The objective of this task was to investigate the potential of different burnable poison 
materials and geometrical arrangements to improve the reactivity coefficients of fertile free 
fuels. The main design challenges of FFF are:  
- Positive Moderator Temperature Coefficient (MTC) 
- Significantly reduced Doppler Coefficient (DC) 
- Significantly reduced Soluble Boron Worth (BW)   
 
The summary of the Task 4 calculations results is presented in Table 3. The results can 
be summarized as follows: 
MTC 
- FFF for a No BP case shows small and positive MTC at BOL. 
- WABA-Gd shows a negative MTC of a reasonable value close to a standard LWR core. 
- IFBA-Gd and HOMO-Gd cases show unacceptably large and positive MTC values. 
- Hf and Er BP materials show a potential to improve MTC, where all Er designs seem 
more efficient in "correcting" the MTC value. 
- For all BP materials and geometries simultaneous burnout of Pu and BP results in 
acceptable MTC values at MOL and EOL time-points. 
DC 
- As expected, the DC of Pu loaded FFF is reduced to ~1.0 pcm/°C as compared with 
~2.0pcm/°C for conventional All-U fuel. 
- No dramatic influence of BP on DC is found, with exception of a modest improvement 
for Er cases (up to -1.6 pcm/°C) 
- DC value is becoming more negative with burnup reaching -1.5 – 2.0 at EOL. 
BW 
- The well-known effect of BW reduction was also observed.  In comparison with the 
reference All-U fuel, the BW is reduced by approximately a factor of 2 to 3 due to the 
presence of Pu. 
- Hf and Er in Homogeneous and IFBA configurations show modest potential of increasing 
the BW. Otherwise, addition of Gd burnable poison slightly reduces the BW.  
- The effect of increasing BW towards the fuel EOL as a result of fissile isotopes depletion 
was found to be much more pronounced in FFF than in All-U fuel, which may potentially 
cause power peaking problem in FFF core. 
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Table 3. Reactivity Coefficients Summary 
 MTC, pcm/˚C DC, pcm/˚C BW, pcm/ppm 
Case Designation BOL EOL BOL EOL BOC EOC 
UO2, e=4.21% 11.2 -59.9 -2.0 -3.4 -5.8 -9.5
No BP 0.6 -27.0 -1.0 -1.5 -2.4 -15.3
WABA-Gd (Reference) -20.7 -39.6 -1.0 -1.6 -2.2 -12.9
WABA-Gd (20% less poison) -16.5 -38.0 -1.1 -1.7 -2.2 -13.3
WABA-Hf (Reference) -17.3 -60.8 -1.0 -1.8 -2.2 -13.8
WABA-Hf (20% less poison) -15.2 -54.9 -1.0 -1.8 -2.2 -13.9
WABA-Er (Reference) -12.6 -53.2 -1.1 -1.8 -2.2 -13.3
WABA-Er (20% less poison) -11.0 -47.4 -1.1 -1.8 -2.2 -13.5
IFBA-Gd (Reference) 96.9 -32.6 -0.9 -1.5 -1.8 -14.9
IFBA-Gd (20% less poison) 86.7 -32.2 -0.9 -1.5 -1.9 -14.9
IFBA-Hf (Reference) -9.7 -40.0 -1.2 -1.6 -2.5 -15.4
IFBA-Hf (20% less poison) -8.2 -38.2 -1.2 -1.6 -2.5 -15.3
IFBA-Er (Reference) -18.8 -43.8 -1.6 -2.0 -2.5 -14.9
IFBA-Er (20% less poison) -16.2 -40.9 -1.5 -1.9 -2.5 -14.9
HOMO-Gd (Reference) 120.7 -32.0 -1.0 -1.5 -1.8 -15.5
HOMO-Gd (20% less poison) 111.8 -31.8 -1.0 -1.5 -1.8 -15.5
HOMO-Hf (Reference) -7.0 -34.9 -1.1 -1.5 -2.6 -19.0
HOMO-Hf (20% less poison) -5.8 -34.3 -1.1 -1.5 -2.6 -18.8
HOMO-Er (Reference) -13.2 -37.8 -1.3 -1.5 -2.6 -14.8
HOMO-Er (20% less poison) -11.3 -36.3 -1.2 -1.5 -2.6 -14.9
 
In conclusion, Pu loaded FFF showed potential feasibility to be used in existing PWRs. All 
FFF problems may be significantly mitigated through the correct choice of BP material and 
configuration. Based on the performed analysis, it was found that a combination of BP 
materials and geometries may be required to meet all FFF design goals. The use of enriched 
(in most effective isotope) burnable poisons, such as Er-167 and Gd-157, will further 
improve the BP effectiveness and reduce the fuel cycle length penalty associated with their 
use. However, these findings can be confirmed only by performing a full core 3-dimensional 
neutronic analysis.  
The final result of the next stage of this research will be the choice of acceptable FFF core 
fraction with appropriate mix of BP designs. This result will be obtained and verified by a 
full core 3-dimansional simulation and fuel cycle analysis.      
 
Table of Contents 
Executive Summary ................................................................................................................. 2 
Table of Contents..................................................................................................................... 9 
List of Figures ........................................................................................................................ 11 
List of Tables ......................................................................................................................... 13 
List of Tables ......................................................................................................................... 13 
I. Task 1: Benchmark of Computational Tools...................................................................... 15 
I.1 Introduction .................................................................................................................. 15 
I.2 Description of Computer Codes ................................................................................... 15 
I.3 Scope of Calculations ................................................................................................... 17 
I.4 Unit cell benchmark...................................................................................................... 17 
I.5 PWR Fuel assembly benchmark................................................................................... 27 
I.6 Task 1 Summary........................................................................................................... 30 
II. Task 2: Determination of Pu Loading ............................................................................... 32 
II.1 Introduction ................................................................................................................. 32 
II.2 Analysis Methodology ................................................................................................ 32 
II.3 Results: Determination of Pu Loading for Standard Fuel Cycle Lengths................... 35 
II.4 Linear Reactivity Model Applicability ....................................................................... 43 
II.4.1 Leakage Reactivity............................................................................................... 43 
II.4.2 Modified vs. Standard Linear Reactivity Model.................................................. 45 
II.5 Sensitivity of Fuel Cycle Length to Matrix Composition ........................................... 46 
II.6 Task 2 Summary.......................................................................................................... 51 
III. Task 3: Evaluation of burnable poison designs ............................................................... 53 
III.1 Introduction................................................................................................................ 53 
III.2 Burnable Poison Designs – Description and Basic Data ........................................... 55 
III.2.1 WABA-type BP .................................................................................................. 55 
III.2.2 IFBA-type BP ..................................................................................................... 57 
III.3 Verification of modeling and model parameters ....................................................... 59 
III.3.1 Zone condensation options for Resonance Absorption - Gd WABA-type design59 
III.3.2 Spatial division of BP region for Gd WABA-type design.................................. 61 
III.3.3 Time-step length for Gd depletion...................................................................... 63 
III.3.4 BOXER vs. CASMO comparison....................................................................... 64 
III.4 Non-linear reactivity model for estimation of core critical boron concentration ...... 65 
 10
III.4.1 Methodology ....................................................................................................... 66 
III.4.2 Description of Calculation Procedure................................................................. 68 
III.5 Scope of calculations ................................................................................................. 69 
III.6 Results of calculations ............................................................................................... 73 
III.6.1 WABA-type BP designs ..................................................................................... 73 
III.6.2 IFBA-type BP designs ........................................................................................ 78 
III.6.3 BP designs based on homogeneous mixture of fuel and poison material........... 80 
III.7 Task 3 Summary ........................................................................................................ 92 
IV. Task 4: Evaluation of Reactivity Feedback Coefficients ................................................ 94 
IV.1 Introduction................................................................................................................ 94 
IV.2 List of calculated cases .............................................................................................. 94 
IV.3 Methodology.............................................................................................................. 96 
IV.3.1 Moderator temperature coefficient ..................................................................... 97 
IV.3.2 Fuel temperature coefficient due to Doppler Effect ........................................... 97 
IV.3.3 Boron reactivity worth coefficient...................................................................... 97 
IV.4 Results of calculations ............................................................................................... 98 
IV.4.1 Moderator temperature coefficient ..................................................................... 98 
IV.4.2 Doppler Coefficient .......................................................................................... 101 
IV.4.3 Soluble Boron Reactivity Worth ...................................................................... 104 
IV.5 Task 3 Summary ...................................................................................................... 106 
V. Conclusions..................................................................................................................... 108 
VI. Acknowledgments ......................................................................................................... 108 
References............................................................................................................................ 109 
 
 
List of Figures 
Figure  I-1. Absorption rates in Zr in 70 energy groups ......................................................... 24 
Figure  I-2. Neutron Energy Spectrum in 70 groups .............................................................. 25 
Figure  I-3. Fission rates in Pu240 in 70 energy groups (10 v/o PuO2 loading)..................... 25 
Figure  I-4. Fission rates in Pu242 in 70 energy groups (10 v/o PuO2 loading)..................... 26 
Figure  I-5. Absorption rates in Pu240 in 70 energy groups (10 v/o PuO2 loading) .............. 26 
Figure  I-6. Absorption rates in Pu242 in 70 energy groups (10 v/o PuO2 loading) .............. 27 
Figure  I-7. MCNP calculation model of PWR assembly....................................................... 29 
Figure  I-8. Pin-by-pin relative power distribution in PWR fuel assembly ............................ 30 
Figure  II-1. Reactivity vs. burnup curves for conventional UO2 and fertile free fuel. .......... 34 
Figure  II-2. Criticality curves for PWR-33 Pu vector............................................................ 36 
Figure  II-3. Criticality curves for PWR-50 Pu vector............................................................ 36 
Figure  II-4. A0 Polynomial Coefficient ................................................................................. 38 
Figure  II-5. A1 Polynomial Coefficient ................................................................................. 38 
Figure  II-6. A2 Polynomial Coefficient ................................................................................. 39 
Figure  II-7. A3 Polynomial Coefficient ................................................................................. 39 
Figure  II-8. Fuel Discharge Burnup vs. Pu Loading (PWR-33 Pu Vector). .......................... 41 
Figure  II-9. Fuel Discharge Burnup vs. Pu Loading (PWR-50 Pu Vector). .......................... 41 
Figure  II-10. Comparison of Discharge Burnup vs. Pu Loading Data for PWR-33 and PWR-
50 Grade Plutonium ............................................................................................................... 42 
Figure  II-11. Neutron Migration Length................................................................................ 44 
Figure  II-12. Linear vs. Polynomial Approximation Effect on Discharge Burnup Estimation
................................................................................................................................................ 46 
Figure  II-13. Cycle Length Sensitivity to Fuel Matrix Composition (PWR-33 Pu).............. 49 
Figure  II-14. Cycle Length Sensitivity to Fuel Matrix Composition (PWR-50 Pu).............. 50 
Figure  II-15. Sensitivity of Pu Loading Requirements to Fuel Matrix Composition  (PWR-33 
Pu) .......................................................................................................................................... 50 
Figure  II-16. Sensitivity of Pu Loading Requirements to Fuel Matrix Composition (PWR-50 
Pu) .......................................................................................................................................... 51 
Figure  III-1. Reference WABA Design: pin cell and assembly positions  (1/4 assembly) ... 55 
Figure  III-2. IFBA Reference design (116 BP pins): pin cell locations (1/4 assembly)........ 57 
Figure  III-3. Lattice arrangement........................................................................................... 59 
Figure  III-4. The results of burnup calculations for different zone condensation schemes... 61 
 12
Figure  III-5. K-assembly burnup curves for different spatial division of the Gd region 
(WABA)................................................................................................................................. 62 
Figure  III-6. Gd-157 concentration for different Gd burnup regions .................................... 63 
Figure  III-7. K-assembly for different time-step length ........................................................ 64 
Figure  III-8. Criticality of Gd IFBA fuel pin cell: BOXER vs. CASMO comparison .......... 65 
Figure  III-9. CBC for WABA-Boron cases with variable poison density............................. 73 
Figure  III-10. K-ass for WABA-Gd cases with variable BP ring dimensions....................... 74 
Figure  III-11. K-ass for WABA-Gd cases with variable BP content .................................... 75 
Figure  III-12. WABA-Gd cases with variable BP content and BP ring dimensions............. 76 
Figure  III-13. CBC for WABA-Hf cases with variable BP ring dimensions ........................ 77 
Figure  III-14. CBC for WABA-Er cases with variable BP ring dimensions......................... 77 
Figure  III-15. CBC for IFBA-type geometry......................................................................... 79 
Figure  III-16. CBC for 0.5, 1.0, 2.0 v/o poison (264 BP rods/assembly).............................. 81 
Figure  III-17. CBC for 0.5, 1.0, 2.0 v/o poison (132 BP rods/assembly).............................. 81 
Figure  III-18. CBC for 0.5, 1.0, 2.0 v/o poison (64 BP rods/assembly)................................ 82 
Figure  III-19. CBC, 264, 132, 64 rods/assembly, Gd weight = 1.79 kg/assembly................ 82 
Figure  III-20. Maximum CBC for all Homo-Gd Designs ..................................................... 83 
Figure  III-21. Residual BP penalty for all Homo-Gd designs ............................................... 83 
Figure  III-22. CBC, Hf, 1 v/o and 2 v/o, (264 pins) .............................................................. 85 
Figure  III-23. CBC, Hf, 1 v/o, 2 v/o and 3 v/o, (132 pins) .................................................... 85 
Figure  III-24. CBC, Hf, 1 v/o, 2 v/o and 3 v/o, (64 pins) ...................................................... 86 
Figure  III-25. Max. Core CBC with Hf BP ........................................................................... 86 
Figure  III-26. Cycle length penalty for Hf BP....................................................................... 87 
Figure  III-27. CBC, Er 2 v/o and 4 v/o, (264 pins)................................................................ 88 
Figure  III-28. CBC, Er 2 v/o, 4 v/o and 6 v/o, (132 pins)...................................................... 89 
Figure  III-29. CBC, Er 2 v/o, 4 v/o and 6 v/o, (64 pins)........................................................ 89 
Figure  III-30. Max. Core CBC for Er BP .............................................................................. 90 
Figure  III-31. Cycle length penalty for Er BP ....................................................................... 90 
Figure  IV-1. Effect of SB concentration on MTC ............................................................... 100 
Figure  IV-2. Effect of Gd loading on MTC: Boxer vs. MCNP comparison ....................... 100 
Figure  IV-3. Er-167 (n,γ) and Pu-239 (n,f) Microscopic Cross-sections ............................ 104 
 13
List of Tables 
Table 1. Pu Loading Requirements for Standard Fuel Cycle Lengths ..........................5 
Table 2. Sensitivity of Discharge Burnup (EFPD) to Matrix Composition...................5 
Table 3. Reactivity Coefficients Summary....................................................................8 
Table  I-1. List of calculated cases................................................................................18 
Table  I-2. Fuel composition for benchmark calculations ............................................18 
Table  I-3: Pin cell operating conditions and geometry................................................19 
Table  I-4: Neutron multiplication factor (unit cell) .....................................................23 
Table  I-5: One group normalized reaction rates (Case1).............................................23 
Table  I-6: One group normalized reaction rates (Case 2)............................................23 
Table  I-7: One group normalized reaction rates (Case 3)............................................24 
Table  I-8: Summary of fuel assembly parameters .......................................................28 
Table  I-9: Neutron multiplication factor (assembly) ...................................................29 
Table  II-1. Pu Isotopic Vector and Calculation Assumptions Summary.....................33 
Table  II-2. Single Batch Burnup (EFPD) as a Function of Pu Loading ......................37 
Table  II-3. Pu Loading Requirements for Standard Fuel Cycle Lengths ....................42 
Table  II-4. Effect of Leakage Reactivity .....................................................................44 
Table  II-5. List of Calculated Cases ............................................................................48 
Table  II-6. Sensitivity of Discharge Burnup (EFPD) to Matrix Composition.............49 
Table  III-1. Reference WABA absorber design description........................................56 
Table  III-2. Reference isotopic composition of WABA absorber ...............................56 
Table  III-3. Reference IFBA absorber description ......................................................57 
Table  III-4. Reference isotopic composition of IFBA coating ....................................58 
Table  III-5. Description Gd WABA ............................................................................60 
Table  III-6. Material composition: Gd WABA............................................................60 
Table  III-7. Material composition: Gd IFBA...............................................................65 
Table  III-8. Matrix of calculated BP designs...............................................................69 
Table  III-9. List and Description of all calculated cases .............................................70 
Table  III-10. WABA Cases..........................................................................................71 
Table  III-11. IFBA Cases.............................................................................................71 
Table  III-12.  Homogeneous Cases..............................................................................72 
Table  III-13. Results Summary: WABA cases (11-19) ...............................................78 
Table  III-14. Results Summary: IFBA cases ...............................................................79 
Table  III-15. Results Summary: Homo-Gd cases ........................................................80 
 14
Table  III-16. Results Summary: homogeneous Hf designs .........................................87 
Table  III-17. Results Summary: Homogeneous cases with Er ....................................91 
Table  IV-1. WABA cases ............................................................................................95 
Table  IV-2 IFBA cases ................................................................................................95 
Table  IV-3. Homogeneous cases .................................................................................96 
Table  IV-4. MTC (pcm/°C) .........................................................................................99 
Table  IV-5. DC (pcm/°C) ..........................................................................................103 
Table  IV-6. BW (pcm/ppm).......................................................................................105 
 
I. Task 1: Benchmark of Computational Tools 
I.1 Introduction 
This section of the report presents the results of Task 1 of the current project. The main 
objective of this task is to confirm the validity of the ELCOS [1] code system for inert matrix 
fuel analysis applied to a standard PWR fuel design. Computer codes used are described 
shortly in the subsequent section. Series of benchmark calculations was designed and carried 
out to include the possible range of fuel compositions.  
 
Both unit cell and 2-D assembly geometries were considered. The main computer code of the 
ELCOS system for assembly calculations – BOXER [2], was tested against MCNP [3] code 
with two different cross-section libraries. 
 
I.2 Description of Computer Codes 
This section presents a brief description of the codes used in this benchmark. The main part 
of the BGU working program is planned to be performed with ELCOS system. 
 
BOXER is a modular code for two-dimensional neutron transport calculation of LWR fuel 
lattices. The main modules of the code are: 
 
Cell calculation module  
In every configuration to be treated, the most important cell from the point of view of the 
neutron spectrum is chosen as the "principal cell type". It is calculated with white boundary 
conditions. Its outgoing partial currents can be used as boundary conditions for other cell 
types and for the homogeneous materials. The cell calculation begins with the resonance 
calculation in two material zones and about 8000 lethargy points depending on the 
composition of the material, employing collision probability method. The resulting ultra fine 
spectrum is used as weighting function to condense the pointwise cross sections into groups. 
Afterwards, a one-dimensional flux calculation is done with a transport theory in cylindrical 
or slab geometry and in 70 energy groups, in all zones of the cell. Then the cross sections of 
the cell are condensed spatially as well as energetically. The cross section library is primarily 
based on JEF-1 evaluated data file. 
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Two-dimensional modules: 
The configuration is represented by a X-Y mesh grid. Fuel and water cells are represented 
explicitly. The flux distribution can be calculated by either diffusion or a transport module. 
The results are the multiplication factor - keff, neutron flux, power distribution, and reaction 
rates.  
 
Burnup module:  
The evolution of isotopic densities for each material is calculated using reaction rates 
collapsed to one group by weighting with the multigroup fluxes from the cell- and the two-
dimensional calculations. The time dependence of the nuclide densities is described by 
Taylor series.  The nuclide densities with high destruction rates are assumed to be asymptotic. 
An iterative correction adjusts the fluxes within the time step in order to keep the power 
constant. The effect of the changing spectrum on the reaction rates is taken into account by a 
predictor-corrector method and by density dependent one-group cross sections within the 
time step for 239Pu and 240Pu (approximated by a rational function). In the predictor-corrector 
method, the depletion is performed twice – using the spectrum at the beginning and at the end 
of the timestep. Average isotope number densities between these two calculations are then 
used as initial values for the subsequent burnup step.  A time step can be divided into several 
micro-steps without recalculating the reaction rates in order to improve the numerical 
accuracy of the depletion calculation. 
  
MCNP [3] is a general purpose Monte Carlo particles transport code developed at Los 
Alamos National Laboratory. It can be used in neutron, photon or electron transport mode as 
well as in a mode which is any combination of the above three. In the Monte Carlo approach, 
unlike in deterministic methods, the particles transport problem is solved by following the 
histories of individual particles. The average particle characteristics in the physical system 
are determined by average behavior of simulated particles. The major advantage of Monte 
Carlo method is its capabilities of solving a particle transport problem in complex generalized 
3-D geometries which cannot be practically handled by deterministic methods. In principle, 
Monte Carlo simulation can yield the exact transport equation solution provided that physical 
models, nuclear data, and number of particle histories are sufficient. The major drawback of 
the Monte Carlo is considerably higher computation power requirements to achieve high 
accuracy of the results.  
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MNCP provides great flexibility in definition of particles source distributions, system 
geometries and tallied parameters. The energy deposition tally allows calculation of spatial 
power distribution in the modeled system. Dose rates can be calculated through surface flux 
or point detector tallies with provided flux-to-dose conversion factors. Calculation of keff 
eigenvalue is also a standard feature of MCNP. 
 
I.3 Scope of Calculations 
Two benchmark cases were evaluated using BOXER and MCNP computer codes: fuel unit 
cell and 17x17 pins standard PWR fuel assembly.  
 
The objectives of the unit cell benchmark exercise is to calculate and compare neutron 
multiplication factor (kinf) and isotopic reaction rates calculated by BOXER and MCNP codes 
in a standard fuel unit cell geometry.  
 
The objectives of the fuel assembly benchmark case are to compare the neutron 
multiplication factor (kinf) and the local pin-by-pin power distribution.  
 
I.4 Unit cell benchmark  
Six different cases were calculated in the unit cell benchmark. These cases differ in Pu 
loading, computer codes and cross section libraries used for the calculations.  
Table  I-1 presents the list of considered cases. BOXER code with JEF-1.1 library results are 
compared with those obtained with MCNP code using JEF-2.2 and JEF-3 library.      
 
The benchmark was performed for homogeneously mixed PuO2-ZrO2-MgO fuel. The Pu 
isotopic vector corresponds to that of a typical spent LWR fuel (UO2 fuel, 4.2 w/o 235U initial 
enrichment, 50 GWd/t discharge burnup, after 10 years of cooling) [4]. The detailed fuel 
composition is summarized in Table  I-2. The PWR pin-cell geometry and the operating 
conditions are shown in Table  I-3. 
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Table  I-1. List of calculated cases 
Case 
Number 
Pu 
loading
Computer 
code 
Cross section 
library 
1 5 v/o BOXER JEF-1.1 
2 5 v/o MCNP JEF-2.2 
3 5 v/o MCNP JEF-3 
4 10 v/o BOXER JEF-1.1 
5 10 v/o MCNP JEF-2.2 
6 10 v/o MCNP JEF-3 
7 15 v/o BOXER JEF-1.1 
8 15 v/o MCNP JEF-2.2 
9 15 v/o MCNP JEF-3 
 
 
Table  I-2. Fuel composition for benchmark calculations 
Volume Fraction Fuel 
 Component 
Theoretical 
Density[5] 
 (g/cm3) 
Density 
used for 
 the exercise (g/cm3) Case 1 Case 2 Case 3 
PuO2 11.46 10.77 0.05 0.100 0.150 
ZrO2 5.68 5.68 0.475 0.450 0.425 
MgO 3.65 3.65 0.475 0.450 0.425 
Isotope Number density Initial Pu vector[4] 
 #/(cm × barn) w/o of total Pu 
Pu238 7.65E-05 0.0318 
Pu239 1.35E-03 0.5635 
Pu240 6.35E-04 0.2662 
Pu241 1.91E-04 0.0802 
Pu242 1.38E-04 0.0583 
Zr 1.25E-02  
Mg 2.45E-02  
O 5.43E-02  
 
 
 
 
 19
Table  I-3: Pin cell operating conditions and geometry 
Fuel pellet radius (cm) 0.4095 
Cladding outer radius (cm) 0.4750 
Pin Pitch (cm) 1.26 
Cladding material Zrnat 
Cladding density (g/cm3) 6.43 
Coolant density (g/cm3) 1.0035 
Fuel temperature  (K) 300 
Coolant temperature (K) 300 
 
 
 
The results of the unit cell benchmark calculations are summarized in Tables I-4 through I-7. 
Region Material
1 Fuel 
2 Cladding
3 Water 
 
1 2 
3 
Top view of fuel pin cell
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Table  I-4 compares the k-infinity values predicted by BOXER and MCNP. The discrepancy 
in k eigenvalue prediction between the BOXER and MCNP (JEF-2.2) results is on the order 
of 0.2%. The difference between the BOXER and MCNP with more recent JEF-3 library is 
slightly higher (up to 0.37%). Such differences are generally acceptable for the scoping 
calculations, conceptual design, and preliminary feasibility studies. Thus, results shown in 
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Table  I-4 demonstrate validity of the boxer code for the purposes of the current analyses. It 
should also be noted that the difference in k-infinity values is reduced with increase in Pu 
loading.  
 
Tables I-5 through I-7 compare absorption and fission reaction rates for all 6 calculated unit 
cell cases. All reaction rates values are extracted for a fuel region only. The following can be 
observed from the results. 
- From the observation of the reaction rates it may be noted that main contributors 
to the differences in criticality and reaction rates are Zirconium and Pu240, 
Pu241, and Pu242 isotopes. Part of the differences is compensating, resulting in a 
relatively small ∆ρ values. 
- One of the major sources of discrepancy in k-infinity predictions is the 
uncertainty in natural Zr cross section data resulting in difference in Zr 
absorption rates of up to 0.17%. BOXER values are consistently higher than 
those of MCNP. Thus, from the criticality point of view BOXER results are 
conservative.  
- BOXER JEF-1.1 library results for Zr absorption rates agree better with the latest 
JEF-3 library than with JEF-2.2 as illustrated by Figure  I-1, which compares the 
absorption reaction rates in 70 energy groups in Zr for the Cases 4, 5, and 6. 
- The discrepancy in Zr absorption rate prediction reduces with an increase in Pu 
loading and the resulting neutron spectrum changes, which may be attributed to 
the compensating effect mentioned above. Figure  I-2 shows significant decrease 
in thermal neutron flux for the cases with higher Pu loading. For consistency, the 
total neutron flux is normalized to unity in all cases. 
- Another source of discrepancy in k-infinity prediction originates in differences in 
absorption rates in Pu240 and Pu242 isotopes in BOXER with MCNP (JEF-2.2) 
comparison and in Pu241 isotope in BOXER with MCNP (JEF-3) comparison. 
- Fission reaction rates in Pu240 and Pu242 isotopes have notable discrepancy 
particularly in the epithermal energy range as can be observed from Figure  I-3 
and Figure  I-4. Although overall the contribution of fission reactions in these 
isotopes to total absorption is small (Figure  I-5 and Figure  I-6) leading to only 
marginal effect on criticality prediction. 
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- Discrepancies in absorption rates in Zr and even Pu isotopes between the 
BOXER and MCNP (JEF-2.2) are in opposite directions leading to mutual error 
cancellation and reducing the overall criticality difference.   
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Table  I-4: Neutron multiplication factor (unit cell) 
 
K-INF 
Boxer 
(JEF1.1) 
K-INF 
MCNP  
(JEF2.2) 
K-INF 
MCNP 
 (JEF3) 
∆ρ 
(BOXER – JEF2.2) 
∆ρ 
(BOXER – JEF3) 
Case 1 1.44073 1.43600±0.00066 1.43305±0.00064 0.23% 0.37% 
Case 2 1.43013 1.42686±0.00073 1.42425±0.00081 0.16% 0.29% 
Case 3 1.43821 1.43554±0.00078 1.43488±0.00071 0.13% 0.16% 
 
Table  I-5: One group normalized reaction rates (Case1) 
Fission rates Total absorption rates difference in 
BOXER MCNP MCNP BOXER MCNP MCNP total absorption Nuclide 
(JEF1.1) (JEF2.2) (JEF3) (JEF1.1) (JEF2.2) (JEF3) (BOXER- JEF2.2) 
(BOXER- 
JEF3) 
O16    2.35E-03 3.15E-03 3.00E-03 -0.080% -0.065% 
Mgnat    1.74E-03 1.76E-03 2.09E-03 -0.002% -0.035% 
Zrnat    6.92E-03 5.23E-03 6.29E-03 0.169% 0.063% 
Pu238 1.06E-03 1.06E-03 1.16E-03 1.17E-02 1.17E-02 1.18E-02 -0.001% -0.009% 
Pu239 4.38E-01 4.37E-01 4.38E-01 6.59E-01 6.59E-01 6.59E-01 0.029% -0.037% 
Pu240 2.49E-03 2.54E-03 2.42E-03 1.96E-01 1.97E-01 1.96E-01 -0.120% 0.019% 
Pu241 7.87E-02 7.83E-02 7.69E-02 1.05E-01 1.04E-01 1.03E-01 0.091% 0.150% 
Pu242 4.10E-04 4.19E-04 4.21E-04 1.76E-02 1.85E-02 1.85E-02 -0.086% -0.085% 
Total 5.21E-01 5.19E-01 5.19E-01 1.00E+00 1.00E+00 1.00E+00 0.000% 0.000% 
 
Table  I-6: One group normalized reaction rates (Case 2) 
Fission rates Total absorption rates difference in 
BOXER MCNP MCNP BOXER MCNP MCNP total absorption Nuclide 
(JEF1) (JEF2.2) (JEF3) (JEF1) (JEF2.2) (JEF3) (BOXER- JEF2.2) 
(BOXER- 
JEF3) 
O16       2.29E-03 3.06E-03 2.94E-03 -0.077% -0.065% 
Mgnat       1.13E-03 1.14E-03 1.47E-03 -0.001% -0.033% 
Zrnat       5.55E-03 4.09E-03 5.04E-03 0.146% 0.051% 
Pu238 1.69E-03 1.71E-03 1.88E-03 1.17E-02 1.18E-02 1.21E-02 -0.004% -0.035% 
Pu239 4.20E-01 4.18E-01 4.20E-01 6.36E-01 6.36E-01 6.36E-01 -0.001% -0.027% 
Pu240 4.79E-03 4.86E-03 4.66E-03 2.11E-01 2.12E-01 2.11E-01 -0.115% 0.025% 
Pu241 8.22E-02 8.19E-02 8.04E-02 1.09E-01 1.08E-01 1.07E-01 0.115% 0.162% 
Pu242 7.93E-04 8.07E-04 8.20E-04 2.32E-02 2.38E-02 2.39E-02 -0.063% -0.078% 
Total 5.09E-01 5.08E-01 5.07E-01 1.00E+00 1.00E+00 1.00E+00 0.000% 0.000% 
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Table  I-7: One group normalized reaction rates (Case 3) 
Fission rates Total absorption rates difference in 
BOXER MCNP MCNP BOXER MCNP MCNP total absorption Nuclide 
(JEF1) (JEF2.2) (JEF3) (JEF1) (JEF2.2) (JEF3) (BOXER- JEF2.2) 
(BOXER-
JEF3) 
O16       2.26E-03 3.03E-03 2.91E-03 -0.078% -0.065% 
Mgnat       9.18E-04 9.30E-04 1.24E-03 -0.001% -0.032% 
Zrnat       4.89E-03 3.56E-03 4.40E-03 0.132% 0.048% 
Pu238 2.32E-03 2.33E-03 2.59E-03 1.25E-02 1.25E-02 1.30E-02 -0.006% -0.052% 
Pu239 4.11E-01 4.09E-01 4.11E-01 6.23E-01 6.22E-01 6.23E-01 0.143% -0.019% 
Pu240 7.02E-03 7.12E-03 6.87E-03 2.16E-01 2.18E-01 2.16E-01 -0.255% 0.000% 
Pu241 8.73E-02 8.69E-02 8.55E-02 1.15E-01 1.13E-01 1.13E-01 0.163% 0.186% 
Pu242 1.17E-03 1.19E-03 1.21E-03 2.61E-02 2.70E-02 2.67E-02 -0.099% -0.065% 
Total 5.09E-01 5.06E-01 5.07E-01 1.00E+00 1.00E+00 1.00E+00 0.000% 0.000% 
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Figure  I-1. Absorption rates in Zr in 70 energy groups 
Note: non-negligible difference in the high energy range 10KeV – 2MeV 
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Figure  I-2. Neutron Energy Spectrum in 70 groups  
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Figure  I-3. Fission rates in Pu240 in 70 energy groups (10 v/o PuO2 loading) 
Note: Good agreement between BOXER (JEF-1.1) and MCNP (JEF-2.2) while significant 
discrepancy between former two and MCNP (JEF-3) in the energy range 20eV – 1KeV 
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Figure  I-4. Fission rates in Pu242 in 70 energy groups (10 v/o PuO2 loading) 
Note: Good agreement between BOXER (JEF-1.1) and MCNP (JEF-2.2) while significant 
discrepancy between former two and MCNP (JEF-3) in the energy range 0.001eV – 1KeV 
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Figure  I-5. Absorption rates in Pu240 in 70 energy groups (10 v/o PuO2 loading) 
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Figure  I-6. Absorption rates in Pu242 in 70 energy groups (10 v/o PuO2 loading) 
 
I.5 PWR Fuel assembly benchmark 
In this benchmark case, the 2D transport calculations were performed for a typical 17 X 17 
PWR fuel assembly. The assembly consists of 264 fuel rods and 25 guide tubes. The fuel unit 
cell geometry and material composition are identical to those used in the unit cell benchmark 
case and presented in Table  I-2 and Table  I-3. The fuel assembly geometry description and 
operating conditions are presented in Table  I-8. The BOXER calculations were performed for 
¼ of PWR assembly with zero buckling and reflective boundary conditions. In the MCNP 
calculations, the octant symmetry also with reflective boundary conditions was used to 
simplify the model.  
Figure  I-7 depicts the MCNP model geometry used for the benchmark. Direct fission heating 
and γ-smearing were considered in both codes. ENDF-B/VI data library was used in MCNP. 
 Table  I-8: Summary of fuel assembly parameters 
Operating parameter Value 
Assembly array 17 X 17 
Array geometry Square 
Number of fuel rods per assembly 264 
Assembly pitch (cm) 21.5 
Interassembly water gap (cm) 0.04 
Fuel pin pitch, cm 1.26 
Guide tube inner radius (cm) 0.5715 
Guide tube outer radius (cm) 0.6120 
Guide tube cladding material Zrnat  
Guide tube cladding density (g/cm3) 6.43 
Fuel temperature, K 900 
Moderator temperature, K 583 
System pressure, bar 155 
 
 
Guide tubes 
The north-east fourth of assembly 
Fuel rods
Interassembly 
water gap 
1 
2 
3 
Region Material 
1 Water 
2 Cladding 
3 Water 
 
Top view of guide tube 
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Figure  I-7. MCNP calculation model of PWR assembly 
 
The results of PWR assembly benchmark calculations are presented in Table  I-9 and in 
Figure  I-8. As in the unit cell benchmark, sufficiently good agreement (0.23% ∆ρ) was 
obtained for the criticality prediction. The pin-by-pin power distribution was predicted with 
less than 2% differences between the two codes. Both codes identified the hot fuel pin at the 
same location.  
 
 
Table  I-9: Neutron multiplication factor (assembly) 
 BOXER MCNP 
K-INF 1.38983 1.38600 ± 0.00061 
∆ρ  0.23% 
 
 
 
 
 
 
 
 30
0.93   BOXER     0.93 
0.92   MCNP     0.92 
0.9%   Difference     0.9% 
       0.89 0.91 
    Hot fuel pin    0.90 0.92 
    Location    0.7% 0.9% 
      0.96 0.90 0.91 
      0.95 0.92 0.92 
    Max. Error   1.0% 1.2% 0.7% 
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Figure  I-8. Pin-by-pin relative power distribution in PWR fuel assembly 
 
I.6 Task 1 Summary  
We performed a number of benchmark calculations for a standard PWR unit cell and 
17x17 fuel assembly. The results of the BOXER computer code, suggested for use in the 
analysis of fertile free matrix fuels, were compared with MCNP results for different Pu 
loadings and cross section libraries. The criticality prediction difference between BOXER 
and MCNP ranges between 0.13 and 0.37% depending on the cross section library and Pu 
loading. The absorption rates in Zr, Pu240 and Pu242 isotopes were identified as major 
contributors to the discrepancy in criticality prediction. Relatively large Zr contribution to the 
total k-infinity prediction difference is due to the large Zr concentration in the fuel matrix as 
compared to a typical UO2 fuel where Zr presents only in the cladding. The relative error 
introduced by the Zr cross section data uncertainty decreases with an increase of Pu v/o and 
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related hardening of the neutron spectrum. This is expected to introduce additional 
uncertainty in evaluation of Moderator Temperature and Void reactivity feedback coefficients 
as pointed out in Reference 6. It should also be noted that moderator and fuel reactivity 
coefficients generated by BOXER be validated at the next stage, necessary for performing 
Task 3 of this program. Analysis of the energy dependent differences for major isotopes 
presented in this report will provide a starting point for these studies.  
 
The fuel assembly benchmark case tested the capabilities of 2D transport module of the 
BOXER code. We observed reasonable agreement in criticality prediction of the standard 
17x17 PWR fuel assembly between BOXER and MCNP - on the order of 0.2% ∆ρ. The fuel 
assembly local pin power distribution predicted by the two codes is within 2% discrepancy. 
  
In conclusion, the performed benchmark calculations confirmed that the BOXER code 
is suitable for the scoping studies of plutonium in fertile free matrix fuel designs. The 
BOXER code predicts criticality, reaction rates and power distribution in fuel assembly with 
accuracy sufficient for the purposes of this study. 
II. Task 2: Determination of Pu Loading 
II.1  Introduction 
Second task of the BGU part of “Dissolution, Reactor, and Environmental Behavior of 
ZrO2-MgO Inert Fuel Matrix” project aims at evaluation of the fertile free fuel matrix 
composition effect on the fuel reactivity and corresponding reactivity limited burnup. Fertile 
free fuel with different MgO to ZrO2 ratio in the matrix will require different PuO2 loading in 
order to assure certain fuel cycle length. This is due to the fact that absorption cross section of 
Zr is slightly higher than that of Mg, although absorption in both of these elements is small 
compared to Pu. Therefore, the resulting effect on criticality is marginal as pointed out in the 
Task 1 section of this report. 
 
This section of the report summarizes results of the calculations performed on Task 2 of the 
BGU program. The scope of this task includes two objectives: 
- Determination of Pu loading necessary to achieve industry standard fuel cycle lengths 
of 12, 18, and 24 calendar months using the reference fuel matrix composition with 
1:1 volume ratio of MgO and ZrO2 components. 
- Quantitative evaluation of the matrix composition effect on Pu loading required to 
maintain mentioned reference fuel cycle lengths. 
 
II.2 Analysis Methodology 
All calculations were performed with BOXER [2] computer code in typical PWR fuel 
assembly geometry and operating conditions. The fuel assembly geometry and operating 
conditions assumed in this analysis are identical to those used for the benchmarking of 
BOXER code reported earlier. 
 
The calculations were performed for the fuel assembly with reflective boundary conditions; 
that is in infinite medium. 
 
Two different Pu isotopic compositions were considered in order to capture the effect of 
using Pu from old Light Water Reactors spent fuel with low burnup and long decay time 
versus Pu from advanced LWR spent fuel with high burnup and relatively short time after 
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discharge. Pu239 fraction in low burnup fuel is higher but long cooling period reduces the 
fraction of fissile Pu241, which decays to Am241 with half-life of about 14 years. Therefore, 
the effects of these two phenomena on the fuel reactivity are expected to be mutually 
compensating to some extent. The two Pu vectors considered and basic assumptions used to 
obtain these vectors are summarized in Table II-1. 
 
Table  II-1. Pu Isotopic Vector and Calculation Assumptions Summary 
Pu Vector Composition PWR-50 PWR-33 
UO2 Initial Enrichment, % 4.2 3.2 
Discharge fuel Burnup, MWd/kg 50.0 33.0 
Decay time after discharge, Years 10 25 
Pu-238, wt. % 3.18 1.35 
Pu-239, wt. % 56.35 62.56 
Pu-240, wt. % 26.62 26.53 
Pu-241, wt. % 8.02 4.30 
Pu-242, wt. % 5.83 5.25 
 
 
The discharge fuel burnup and fuel cycle length were obtained by applying Linear Reactivity 
Model (LRM) [7] to the results of 2-dimensional fuel assembly burnup calculations. 
 
The basic assumptions of LRM are 
- Equal power share between different fuel batches within the core 
- Linear dependence of fuel reactivity on burnup 
The former assumption is not necessarily true in most realistic cases. However, the effect of 
unequal power share on discharge burnup estimation is typically small [7]. 
The latter assumption holds approximately for conventional UO2 fuel. In the case of Pu – 
fertile free fuel, however, the dependence of batch reactivity on burnup is clearly non linear, 
as illustrated by Figure II-1. Therefore, the LRM estimation of the fuel discharge burnup in 3-
batch core simply as 1.5×BU1 introduces significant uncertainty into calculations. Here, BU1 
is the burnup of single batch core at which the corrected for leakage core reactivity becomes 
zero. 
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In order to eliminate such an uncertainty in calculation of discharge fuel burnup by straight 
forward LRM, we fit the calculated reactivity versus burnup data for Pu fertile free fuel to 3rd 
order polynomial function using Least Square Fit algorithm.  
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Then, using the same LRM assumption of equal power sharing between all fuel batches in the 
core, we postulate that average core (corrected for leakage) reactivity becomes zero at the end 
of each cycle (EOC).  Therefore, the burnup accumulated by each batch in one cycle 
(BUCYCLE) can be found from the following relation: 
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where the discharge fuel burnup is the EOC burnup of the 3rd batch or 
 
BUDISCHARGE  = 3 × BUCYCLE. 
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Figure  II-1. Reactivity vs. burnup curves for conventional UO2 and fertile free fuel. 
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The neutron leakage effect was taken into account by assuming the leakage reactivity worth 
of 3% ∆ρ; namely, assuming 1.03 is the average core criticality value at the end of cycle. 
This leakage reactivity worth is typical for PWRs with conventional UO2 fuel employing 
“low leakage” fuel management schemes. However, in the Pu loaded fertile free core, the 
neutron leakage rate is expected to be higher due to the harder neutron energy spectrum. The 
neutron spectrum effect on leakage reactivity is also evaluated and discussed in more details 
in the following section.  
 
The number of Effective Full Power Days (EFPD) in standard 12, 18, and 24 calendar month 
cycles was calculated assuming 90% capacity factor and 30 days long refueling outage 
period. 
 
90.0    30 - Months)(Calendar   LengthCycle  
12
365.25  EFPD ×⎥⎦
⎤⎢⎣
⎡ ×=  
The obtained, in such manner, number of EFPD in 12, 18, and 24 month cycles is 905, 1398, 
and 1891 days respectively. 
 
II.3 Results: Determination of Pu Loading for Standard Cycle Lengths 
In order to determine Pu loading required to achieve established cycle lengths, we performed 
a series of fuel assembly burnup calculations. The PuO2 content in the fuel was varied 
between 4 and 15 volume %. The remaining fuel volume was occupied with ZrO2 – MgO 
mixture in 1:1 volume ratio. The results of these criticality calculations are presented in 
Figures II-2 and II-3 for PWR-33 and PWR-50 Pu vectors correspondingly. 
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Figure  II-2. Criticality curves for PWR-33 Pu vector. 
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Figure  II-3. Criticality curves for PWR-50 Pu vector. 
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Table II-2 reports reactivity limited single batch core burnup BU1 for all calculated cases 
assuming 3% ∆ρ leakage reactivity. PWR-33 Pu isotopic vector always results in higher 
single batch burnup than that for the PWR-50 vector. The difference in BU1 between the two 
Pu isotopic compositions for comparable Pu loadings ranges from about 20 days for 5% PuO2 
to over 90 days for 15% PuO2. As mentioned earlier, this difference is the result of slightly 
higher fissile Pu fraction in PWR-33 isotopic vector.  
 
According to the analysis methodology, the discharge fuel burnup was calculated by fitting 
the reactivity versus burnup data for each Pu loading case to a 3rd order polynomial function. 
Figures II-4, II-5, II-6, and II-7 report correspondingly coefficients A0, A1, A2, and A3 as a 
function of PuO2 content.    
 
 
 
 
Table  II-2. Single Batch Burnup (EFPD) as a Function of Pu Loading 
 Initial Pu Composition 
PuO2 Loading, 
vol. % PWR-33 PWR-50 
5% 729 706 
6% 876 847 
7% 1017 981 
8% 1154 1110 
9% 1285 1234 
10% 1411 1352 
11% 1533 1467 
12% 1652 1577 
13% 1767 1685 
14% 1880 1791 
15% 1990 1895 
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Figure  II-4. A0 Polynomial Coefficient 
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Figure  II-5. A1 Polynomial Coefficient 
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Figure  II-6. A2 Polynomial Coefficient 
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Figure  II-7. A3 Polynomial Coefficient 
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Coefficient A0 (in Eq. 1) represents the beginning of life fuel criticality. It has relatively weak 
dependence on Pu loading since it is primarily a function Pu η-factor value (νΣf / Σa) for a 
given Pu isotopic vector. An increase of A0 with Pu content (7-15% PuO2) could be explained 
by reduction in neutron absorption in fuel matrix due to the hardening of the spectrum and 
reduction in matrix atoms concentration. A0 decrease with Pu content for the low Pu loadings 
is a result of more thermalized spectrum and corresponding change in η(Pu). 
Coefficient A1 is a measure of overall slope of the criticality curves. The slope decreases 
monotonically with Pu content resulting in higher BU1 for higher Pu loadings. 
Coefficient A2 and A3 are responsible for the curvature of the criticality vs. burnup lines. As 
can be observed from Figures II-2, II-3, the criticality lines become more linear for the higher 
Pu loadings within the analyzed range of cycle lengths. Therefore, A2 and A3 coefficients 
approach zero as Pu loading increases (Figures II-6 and II-7).  
It should also be noted however, that criticality lines have almost identical shape and slope if 
plotted against burnup in terms of MWd/kg of initial Heavy Metal (iHM). 
The calculated values of discharge burnup assuming 3-batch fuel management and 3% 
leakage reactivity are plotted against initial Pu loading in Figures II-8 and II-9. The results 
indicate markedly linear dependence of achievable fuel cycle length and corresponding 
discharge burnup on the initial Pu loading for the entire range of interest. 
Figure II-10 compares achievable discharge burnup versus Pu loading for the two different 
Pu vector compositions. The difference in discharge burnup is relatively small and ranges 
from 30 to about 60 EFPD in the fuel cycle lengths range of interest. Therefore, it can be 
concluded that the Pu composition has generally minor effect on fertile free fuel criticality 
and achievable discharge burnup. As mentioned earlier, this is partially due to the mutually 
canceling effects of higher Pu239 fraction but lower Pu241 fraction in PWR-33 as compared 
to PWR-50 grade plutonium.   
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Figure  II-8. Fuel Discharge Burnup vs. Pu Loading (PWR-33 Pu Vector). 
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Figure  II-9. Fuel Discharge Burnup vs. Pu Loading (PWR-50 Pu Vector).  
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Figure  II-10. Comparison of Discharge Burnup vs. Pu Loading Data for PWR-33 and 
PWR-50 Grade Plutonium 
 
Table II-3 shows the results of the calculation of initial Pu content required to achieve 12, 18, 
and 24 months fuel cycle length. These PuO2 volume % values are used as reference cases for 
the investigation of cycle length sensitivity to fuel matrix composition. 
 
Table  II-3. Pu Loading Requirements for Standard Fuel Cycle Lengths  
Cycle Length, 
Calendar Months 
Cycle Burnup, 
EFPD 
Discharge 
Burnup, 
EFPD 
PuO2 loading, 
vol. % 
(PWR-33 Pu) 
PuO2 loading, 
vol. % 
(PWR-50 Pu) 
12 302 905 4.84 5.04 
18 466 1398 7.55 7.78 
24 630 1891 10.25 10.60 
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II.4 Linear Reactivity Model Applicability 
II.4.1 Leakage Reactivity 
Pu loadings required to achieve the standard fuel cycle lengths were determined assuming 
typical PWR leakage reactivity worth value of ρLeakage = 0.03. However, fertile free Pu 
containing fuel is known to have somewhat harder neutron spectrum than typical UO2 fuel 
increasing the leakage from the core. 
 
The leakage from a finite reactor core is roughly proportional to its surface to volume ratio 
(S/V) and to the average neutron migration length. Assuming a flat with “drooping ends” 
core power shape the leakage reactivity defect is given by [7]:  
leakage
S Mρ  =  × 
V 4
 
Meaning that all neutrons, less than ¼ of a migration length away from the system boundary, 
will leak out. For a PWR of typical dimensions and migration length typical of UO2 fuel 
(about 7.3 cm for 4.5% enriched UO2), the above formula yields 0.032 leakage reactivity 
worth. The neutron migration length for the Pu containing fertile free fuel is slightly higher 
than that of a typical UO2 fuel. In the low leakage core fuel management schemes, “once” 
burnt fuel assemblies are typically placed at the core periphery.  At the end of the cycle, the 
neutron migration length of “once” burnt fuel varies with Pu content from roughly 7.8 cm for 
10 vol. % PuO2 to about 8 cm for 5 vol. % PuO2 in the matrix (Figure II-11). As a result, the 
leakage reactivity of fertile free fuel can be as high as 0.037. 
 
Table II-4 shows sensitivity of the Pu loadings to the uncertainty of leakage reactivity 
estimation. Consideration of larger neutron migration length in fertile free fuel than in UO2 
fuel results in an increase in required PuO2 loading, which ranges from 0.05 to 0.17 vol. %.  
 
The correct leakage reactivity effect can be assessed only based on the full core 3-
dimentional neutronic simulation. 
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Figure  II-11. Neutron Migration Length 
 
 
Table  II-4. Effect of Leakage Reactivity 
 
 
 
  Cycle Length  
 12 18 24 
ρLEAKAGE  PWR - 33  
0.030 4.89% 7.55% 10.25% 
0.037 4.94% 7.65% 10.40% 
∆ PuO2 loading 0.05% 0.10% 0.15% 
  PWR - 50  
0.030 5.04% 7.78% 10.60% 
0.037 5.09% 7.89% 10.77% 
∆ PuO2 loading 0.05% 0.11% 0.17% 
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II.4.2 Modified vs. Standard Linear Reactivity Model 
Figure II-12 presents the dependence of discharge fuel burnup on the initial Pu content 
estimated on the basis of two different LRM approaches. The first one adopts a classical 
LRM approximation where the fuel reactivity is a linear function of burnup. Then, the 
discharge fuel burnup (BUd) is given by: 
1n
n2BUBU 1d +×=  
where BU1 is the single batch core burnup and n is the number of batches in the core. 
 
The second approach, used in this work and described in Section II, approximates fuel 
reactivity dependence on burnup by the 3rd order polynomial function. Such an approach 
describes the fuel reactivity behavior more accurately and therefore, it provides more 
accurate estimation of BUd than the classical approach. The differences in discharge burnup 
estimation between the two LRM approaches may range from 130 to 180 EFPD (Figure II-
12). 
 
It should also be noted that in both calculation approaches, the fuel reactivity is not power 
weighted. Therefore, adequate discharge burnup estimation may be obtained only by 
performing a full core 3-dimensional analysis.  
 46
12 Months Cycle
18 Months Cycle
24 Months Cycle
0
500
1000
1500
2000
2500
3000
4% 5% 6% 7% 8% 9% 10% 11% 12% 13% 14% 15% 16%
PuO2 Volume Fraction
Fu
el
 D
is
ch
ar
ge
 B
u
rn
u
p
, E
FP
D
Linear Approximation
3-rd Order Polynomial Approximation
 
Figure  II-12. Linear vs. Polynomial Approximation Effect on Discharge Burnup 
Estimation 
 
II.5 Sensitivity of Fuel Cycle Length to Matrix Composition 
The list of calculated in this task cases is presented in Table II-5. The case number 
nomenclature consists of 3 digits. The first digit represents the initial Pu isotopic vector used 
(PWR-33 or PWR-50), second – the reference fuel cycle length (12, 18, or 24 months), third - 
ZrO2 volume fraction in the fuel matrix ranging from 30 to 70 vol. %.  
 
Table II-6 reports the results of discharge burnup calculations for all fuel compositions from 
Table II-5. The discharge burnups were obtained using the same assumptions as in Section 
III.2; namely, 3rd order polynomial function fit for criticality curves and 0.03 leakage 
reactivity. 
 
Figures II-13 and II-14 show the difference in discharge fuel burnup between various fuel 
matrix compositions and the reference one (1:1 ratio of ZrO2 to MgO) for PWR-33 and 
PWR-50 Pu vectors respectively. The discharge burnup values exhibit a weak dependence on 
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the fuel matrix composition. The deviation from the reference discharge burnup is from ± 3 
days for 12 month cycle to about ± 7 days for 24 month cycle for considered fuel matrix 
compositions (Table II-5). 
 
The initial Pu isotopic composition has almost no effect on the relative discharge burnup 
changes as a result of the changes in fuel matrix composition.  
 
Figures II-15 and II-16 report the relative changes in PuO2 loading necessary to maintain the 
reference fuel burnup for PWR-33 and PWR-50 initial Pu vectors respectively. 
 
The spread in required Pu loading is from about ± 0.02 volume % PuO2 for 12 month cycle to 
about ± 0.04 volume % PuO2 for 24 month cycle. Matrices with low Zr content require less 
Pu loading necessary to maintain the reference fuel cycle length due to the lower neutron 
absorption in Mg than in Zr. However, the changes in achievable fuel burnup or 
corresponding changes in Pu loading requirements are relatively small.    
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Table  II-5. List of Calculated Cases 
Case PuO2 loading, Pu Vector 
ZrO2 in 
Fuel 
MgO  in 
Fuel 
ZrO2 in 
Matrix 
MgO in 
Matrix 
  vol. %   vol. % vol. % vol. % vol. % 
1.1.1 5.04 PWR-50 28.49 66.47 30.0 70.0 
1.1.2 5.04 PWR-50 37.98 56.98 40.0 60.0 
1.1.3 5.04 PWR-50 47.48 47.48 50.0 50.0 
1.1.4 5.04 PWR-50 56.98 37.98 60.0 40.0 
1.1.5 5.04 PWR-50 66.47 28.49 70.0 30.0 
       
1.2.1 7.78 PWR-50 27.67 64.55 30.0 70.0 
1.2.2 7.78 PWR-50 36.89 55.33 40.0 60.0 
1.2.3 7.78 PWR-50 46.11 46.11 50.0 50.0 
1.2.4 7.78 PWR-50 55.33 36.89 60.0 40.0 
1.2.5 7.78 PWR-50 64.55 27.67 70.0 30.0 
       
1.3.1 10.60 PWR-50 26.82 62.58 30.0 70.0 
1.3.2 10.60 PWR-50 35.76 53.64 40.0 60.0 
1.3.3 10.60 PWR-50 44.70 44.70 50.0 50.0 
1.3.4 10.60 PWR-50 53.64 35.76 60.0 40.0 
1.3.5 10.60 PWR-50 62.58 26.82 70.0 30.0 
       
2.1.1 4.88 PWR-33 28.54 66.58 30.0 70.0 
2.1.2 4.88 PWR-33 38.05 57.07 40.0 60.0 
2.1.3 4.88 PWR-33 47.56 47.56 50.0 50.0 
2.1.4 4.88 PWR-33 57.07 38.05 60.0 40.0 
2.1.5 4.88 PWR-33 66.58 28.54 70.0 30.0 
       
2.2.1 7.57 PWR-33 27.73 64.70 30.0 70.0 
2.2.2 7.57 PWR-33 36.97 55.46 40.0 60.0 
2.2.3 7.57 PWR-33 46.22 46.22 50.0 50.0 
2.2.4 7.57 PWR-33 55.46 36.97 60.0 40.0 
2.2.5 7.57 PWR-33 64.70 27.73 70.0 30.0 
       
3.3.1 10.26 PWR-33 26.92 62.82 30.0 70.0 
3.3.2 10.26 PWR-33 35.90 53.84 40.0 60.0 
3.3.3 10.26 PWR-33 44.87 44.87 50.0 50.0 
3.3.4 10.26 PWR-33 53.84 35.90 60.0 40.0 
3.3.5 10.26 PWR-33 62.82 26.92 70.0 30.0 
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Table  II-6. Sensitivity of Discharge Burnup (EFPD) to Matrix Composition 
  ZrO2 vol. % in Matrix  
  PWR-50  
Cycle Length 30 40 50 60 70 
12 Months Cycle 909.4 907.6 906.0 904.3 902.7 
18 Months Cycle 1409.8 1407.3 1404.8 1402.5 1400.2 
24 Months Cycle 1902.1 1898.8 1895.4 1892.4 1889.3 
   PWR-50   
12 Months Cycle 899.5 897.8 896.1 894.5 893.0 
18 Months Cycle 1416.0 1413.3 1410.8 1408.5 1406.3 
24 Months Cycle 1907.9 1904.7 1901.4 1898.4 1895.3 
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Figure  II-13. Cycle Length Sensitivity to Fuel Matrix Composition (PWR-33 Pu) 
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Figure  II-14. Cycle Length Sensitivity to Fuel Matrix Composition (PWR-50 Pu) 
Reference PuO2 
Loading
-0.06
-0.05
-0.04
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
0.04
0.05
0.06
30v/o Zr-70v/o Mg 40v/o Zr-60v/o Mg 50v/o Zr-50v/o Mg 60v/o Zr-40v/o Mg 70v/o Zr-30v/o Mg
Matrix Composition
D
el
ta
 R
eq
u
ir
ed
 P
u
O
2 
Lo
ad
in
g,
 [
vo
l. 
%
 -
 v
ol
. %
re
f]
 12 Months Cycle
18 Months Cycle
24 Months Cycle
 
Figure  II-15. Sensitivity of Pu Loading Requirements to Fuel Matrix Composition 
(PWR-33 Pu) 
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Figure  II-16. Sensitivity of Pu Loading Requirements to Fuel Matrix Composition 
(PWR-50 Pu) 
 
II.6 Task 2 Summary 
In this task, we determined Pu loading necessary to achieve industry standard fuel cycle 
lengths of 12, 18, and 24 months. Additionally, we investigated the achievable fuel burnup 
sensitivity to the composition of fertile free MgO – ZrO2 matrix. 
 
In order to account for the non-linear shape of the criticality as a function of burnup curves, 
modified Linear Reactivity Model was applied to the results of 2-dimansional fuel assembly 
burnup calculations in order to estimate the discharge fuel burnup. The reactivity dependence 
on burnup was described by the 3rd order polynomial function instead of conventional linear 
dependence assumption. Such LRM modification was found to be important. The error in 
discharge burnup estimation by the simple LRM versus more accurate polynomial description 
approach may reach up to 180 EFPD.  
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In the current analysis, we used typical PWR with UO2 fuel leakage reactivity worth value of 
0.03. However, the leakage reactivity worth was estimated to be somewhat higher than in a 
typical UO2 fuel case and dependant on Pu loading. The uncertainty in leakage reactivity 
estimation may result in an increase of required PuO2 loading by up to 0.17 volume %. The 
leakage effect in fertile free cores can be correctly evaluated only in 3-dimensional full core 
neutronic simulation.  
 
All calculations in current analysis were performed for two Pu isotopic vectors: from low 
burnup LWR fuel with long decay time (PWR-33) and high burnup LWR fuel with short 
decay time (PWR-50).  The difference in estimated discharge burnup between the two 
considered Pu vectors ranges from 30 to about 60 EFPD in the fuel cycle lengths range of 
interest. Therefore, we concluded that the Pu composition has generally minor effect on 
fertile free fuel criticality and achievable discharge burnup. This is partially due to the 
mutually canceling effects of higher Pu239 fraction but lower Pu241 fraction in PWR-33 as 
compared to PWR-50 grade plutonium. 
 
The achievable fuel burnup exhibits extremely weak dependence on the fuel matrix 
composition. This is due to the low absorption in both Zrirconia and Magnesia. Zr is slightly 
more neutron absorbing material than Mg. Therefore, an increase in ZrO2 fraction in the 
matrix results in a decrease in discharge fuel burnup and corresponding increase in required 
Pu loading. Variation of ZrO2 volume fraction from 30 to 70% results in up to ±8 EFPD 
deviation from the discharge burnup of the reference 50% ZrO2 – 50% MgO fuel matrix 
composition. This range of differences in discharge burnup values translates into almost ± 
0.04 volume % range in PuO2 loadings required to achieve the reference fuel cycle length.  
III. Task 3: Evaluation of burnable poison designs 
III.1 Introduction 
This section of the report presents the results of the Task 3, defined in working 
program as: evaluation of burnable poison designs. Adopting the basic design of a 
standard PWR and Pu loadings required for 18-month cycle (results of Task 2), this 
part of the program is aimed to estimate performance of each BP design and BP 
material to address challenges of Fertile-Free Fuel (FFF) Concept. Finally, an optimal 
BP design will be developed and an overall feasibility of FFF concept will be 
determined. Basically, the main challenge encountered in neutronic design for a FFF 
core is to develop reactivity control system which is capable to satisfy performance 
and safety criteria of existing PWR plants.  
 
Heavy Pu loadings combined with absence of fertile isotopes with neutron capture 
resonances result in low reactivity worth of existing control mechanisms and 
inadequate temperature coefficients. The main solution adopted by several previous 
design efforts is based on increased content of BP materials with capture resonances. 
The BP designs proposed and analyzed in previous designs are based on such 
elements as: Gd, Hf, and Er, located in fuel cell, either as a homogeneous mixture or 
as a thin ring (IFBA-type geometry). This approach results in a large residual 
reactivity penalty due to an incomplete burnup of the BP material (especially Hf and 
Er). 
 
In this task, an extensive set of calculations was carried out to assess the potential of 
the main BP materials - B, Gd, Hf, and Er, utilized in three main geometrical 
arrangements: Wet Annular Burnable Absorber (WABA) type, Integral Fuel Burnable 
Absorber (IFBA) type, and Homogeneous fuel-BP mixture.  
Heavy loadings of BP materials in non-standard geometries combined with high Pu 
content in a fertile-free matrix necessitated additional verification of the calculational 
tools. Therefore, verification of the calculational modeling and parameters is also 
performed and reported in this section.  
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All cases are arranged according to geometry-type and BP material. The results and 
analysis of these calculations serve as a basis for a comprehensive assessment of BP 
potential to address challenges of the FFF concepts. 
 
Three main performance parameters of the BP designs will be evaluated:  
1. Maximum critical soluble boron concentration (CBC) required during the cycle, 
2. Acceptable fuel and moderator temperature coefficients (will be evaluated in Task 
4), 
3. Residual reactivity penalty associated with incomplete depletion of the BP 
material. 
III.2 Burnable Poison Designs – Description and Basic Data 
This section presents general description of different BP designs, including 
geometrical arrangements and isotopic compositions. The standard BP design 
geometries and compositions of WABA and IFBA type absorbers were adopted from 
Reference 8. 
III.2.1 WABA-type BP 
 
Zone 
1 
Zone 
 7 
 
Zone 
Number Region 
Zone Radii 
(cm) 
1 Moderator 0.28575 
2 Clad 0.35306 
3 BP 0.40386 
4 Clad 0.48387 
5 Moderator 0.56896 
6 Clad 0.61468 
7 Moderator (cell pitch) 1.26000  
 
 
G.T. Fuel Fuel WABA Fuel Fuel WABA Fuel Fuel water 
Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel water 
Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel water 
WABA Fuel Fuel WABA Fuel Fuel WABA Fuel Fuel water 
Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel water 
Fuel Fuel Fuel Fuel Fuel WABA Fuel Fuel Fuel water 
WABA Fuel Fuel WABA Fuel Fuel Fuel Fuel Fuel water 
Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel water 
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Figure  III-1. Reference WABA Design: pin cell and assembly positions  
(1/4 assembly) 
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Table  III-1. Reference WABA absorber design description 
Number of BP absorber pins 24 
BP material Al2O3 - B4C 
Active material B4C 
Inert material Al2O3 
BP material density, g/cm3 2.593 
Active material density, g/cm3 (theoretical) 2.52 
Inert material density, g/cm3 (theoretical) 3.965 
Weight fraction of active material in BP, w/o 14.0% 
Weight fraction of inert material in BP, w/o 86.0% 
 
 
Table  III-2. Reference isotopic composition of WABA absorber 
Isotope 
Fraction of isotope 
in material 
composition 
Number density 
 weight % # / (barn · cm) 
B-10 2.0 3.0722E-03 
B-11 9.0 1.2764E-02 
C 3.0 3.9590E-03 
Al 45.5 2.6331E-02 
O 40.5 3.9497E-02 
III.2.2 IFBA-type BP 
 
Zone 
1 
 
Zone 
Number Region 
Zone Radii 
(cm) 
1 Fuel 0.40950 
2 BP 0.41065 
3 Clad 0.47500 
4 Moderator (cell pitch) 1.26000  
 
G.T. Fuel IFBA G.T. IFBA Fuel G.T. IFBA Fuel water
Fuel IFBA Fuel IFBA Fuel IFBA IFBA Fuel Fuel water
IFBA Fuel IFBA Fuel IFBA Fuel IFBA Fuel Fuel water
G.T. IFBA Fuel G.T. Fuel IFBA G.T. IFBA Fuel water
IFBA Fuel IFBA Fuel IFBA IFBA IFBA Fuel Fuel water
Fuel IFBA Fuel IFBA IFBA G.T. Fuel IFBA Fuel water
G.T. IFBA IFBA G.T. IFBA Fuel IFBA IFBA Fuel water
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Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel Fuel water
water water water water water water water water water water
 
 
Figure  III-2. IFBA Reference design (116 BP pins): pin cell locations (1/4 
assembly) 
 
 
Table  III-3. Reference IFBA absorber description 
Number of IFBA pins per assembly 116 
BP chemical form ZrB2 
BP density, g/cm3 6.085 
 
 
Zone 
 4 
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Table  III-4. Reference isotopic composition of IFBA coating 
 
 
 
Isotope Fraction of isotope, weight % 
Number density 
# / (barn · cm) 
B-10 3.5 1.2149E-02 
B-11 15.6 4.8902E-02 
Zr 80.9 3.0526E-02 
III.3 Verification of modeling and model parameters 
Non-standard applications of several BP materials, such as Gd in different geometrical 
arrangements necessitated verification of calculational parameters of the BOXER code, 
which was used in this work as a main computational tool. Different zone condensation 
schemes, division of poison region into different number of mesh points, and comparison of 
depletion calculations results with those of an alternative fuel assembly burnup code – 
CASMO [9], are considered and presented in this section. 
All calculations described in this section were carried out in a simplified geometry, which 
was judged adequate for comparison and verification purposes. The geometry, shown in Fig. 
III-3, is a 3x3 lattice, with central position occupied by a WABA (or other BP) rod.  
   
Fuel Fuel Fuel
Fuel WABA Fuel
Fuel Fuel Fuel
 
Figure  III-3. Lattice arrangement 
 
III.3.1 Zone condensation options for Resonance Absorption - Gd WABA-type design  
This item was investigated due to potential influence of condensation scheme on BP 
resonance cross-section. In BOXER code, cell resonance calculations are performed in 2 or 3 
zones. The WABA cell geometry includes 7 material zones, as shown in Fig. III-1. The 
WABA type absorber with Gd as a BP used in this exercise along with its material 
composition is described in Tables III-5 and III-6. 
Three options were considered: Option 1 – 2 zones, BP material mixed with external cladding 
and water materials, Option 2 – 3 zones,  BP material was considered as a separate zone, and 
Option 3 – 2 zones, BP material mixed with internal water and cladding. The comparison of 
the calculated options with No-BP case is shown in Fig. III-4. 
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Table  III-5. Description Gd WABA  
BP material Al2O3 - Gd2O3 
Active material Gd2O3 (Nat. Gd) 
Inert material Al2O3 
BP density, g/cm3 5.403 
Active material density, g/cm3 (theoretical) 7.410 
Inert material density, g/cm3 (theoretical) 3.965 
Weight fraction of active material in BP, w/o 65.1 
Weight fraction of inert material in BP, w/o 34.9 
 
 
Table  III-6. Material composition: Gd WABA 
Isotope Fraction of isotope, Number density 
 weight % # / (barn · cm) 
Gd154 1.30 2.7825E-04 
Gd155 8.20 1.7303E-03 
Gd156 11.5 2.3932E-03 
Gd157 8.80 1.8297E-03 
Gd158 14.1 2.9041E-03 
Gd160 12.6 2.5557E-03 
Al 18.5 2.2239E-02 
O 25.0 5.0895E-02 
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Figure  III-4. The results of burnup calculations for different zone condensation schemes 
 
The results clearly indicate that zone condensation scheme has negligible impact on results of 
depletion calculations. It should be noted however, that in present work, the cross-section 
group structure was not reduced from cell-level to assembly level calculations. In other 
words, no collapsing of energy groups was performed and depletion calculations of the 
assembly were carried out with full 70 energy groups. 
 
III.3.2 Spatial division of BP region for Gd WABA-type design 
Spatial distribution of the absorber material during burnup is essential for accurate prediction 
of the criticality. This paragraph presents sensitivity of the results of depletion calculation on 
a spatial division of the poison region, i.e. number of mesh points.  In this case three options 
were considered, where gadolinium region was represented by a 1 mesh point (burnup 
material), 5 mesh points, and 20 mesh points. It should be noted that each mesh point was 
designated as a separate material and was depleted separately. Obviously, total amount of 
materials was conserved for all cases.  
A comparison of assembly criticality as a function of burnup is shown in Fig. III-5. The main 
conclusion which may be derived from these results is that 5 spatial regions option is 
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identical to that of 20 spatial regions. In addition, it may be concluded that Gd region may be 
considered as a single region with a relatively small error of 0.2% ∆K. 
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Figure  III-5. K-assembly burnup curves for different spatial division of the Gd region 
(WABA) 
 
Results of the Gd depletion in 5 regions provide an interesting insight into burnup behavior of 
the BP cells. Fig. III-6 presents spatial dependence of the Gd-157 concentrations for 5 
(equivalent-volume) regions (rings) of BP region. Region 5 is an external region adjacent to 
the water ring, and region 1 is an internal region adjacent to the water inside the BP ring (see 
Fig. III-1). It may be noted that strong self-shielding effect of the Gd causes almost complete 
depletion of external layers of Gd   around 300 EFPD's, while mid-part is depleted at about 
450 days. This phenomenon strongly affects the burnup-dependent behavior of the criticality.  
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Figure  III-6. Gd-157 concentration for different Gd burnup regions 
 
III.3.3 Time-step length for Gd depletion 
It is well known that one of the modeling parameters for depletion calculations is the duration 
of the time step. In this work adequate length of the depletion time step was verified by a 
straightforward comparison of the results of two cases with following time-steps (FPD):  
• Case 1: 1d + 4d + 5d (19 steps) + 20d (70 steps)  
• Case 2: 1d + 4d + 5d (120 steps) 
Two different time step duration schemes were compared to check the effect on burnup 
calculations results. The results of calculations are shown in Fig. III-7 and indicate that 
reduction of the time step to 5 FPD is required to achieve accuracy of about 0.34% ∆K. 
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Figure  III-7. K-assembly for different time-step length 
 
III.3.4 BOXER vs. CASMO comparison 
Depletion of a reactor lattice with heavy loading of such strong absorber as Gd involves 
approximations adopted in the calculational model. In order to assess an overall performance 
of the BOXER assembly burnup model, a direct comparison with widely used assembly code 
CASMO-4 [9] was carried out. The test was performed for a unit cell with reference IFBA 
pin geometry. The IFBA rod had a reference BP coating thickness and natural Gd oxide as a 
BP material. Detailed isotopic composition of Gd oxide coating is presented in Table III-7. It 
should be noted that the BOXER code cross-section library is based on JEF-1 evaluated data 
file, while CASMO-4 uses JEF-3 based cross-sections. The CASMO-4 calculation was 
performed at Massachusetts Institute of Technology by the Fuel Cycle Analysis group of the 
Department of Nuclear Engineering. 
 
The results are shown in Fig. III-8. The assembly criticality difference does not exceed 1% 
∆K showing good agreement between the codes.  
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Table  III-7. Material composition: Gd IFBA 
Isotope 
  
Fraction of isotope, 
weight % 
Number density, 
# / (barn · cm) 
Gd154 1.90 5.04E-04 
Gd155 12.7 3.42E-03 
Gd156 17.6 4.74E-03 
Gd157 13.6 3.62E-03 
Gd158 21.7 5.75E-03 
Gd160 19.3 5.06E-03 
O 13.3 3.47E-02 
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Figure  III-8. Criticality of Gd IFBA fuel pin cell: BOXER vs. CASMO comparison 
 
III.4 Estimation of core critical boron concentration 
One of the well known and most significant design challenges of the Pu containing lattices is 
the reduced worth of neutron poison materials used for the core reactivity control. In PWRs, 
typically, burnable poisons are used in combination with boron dissolved in the reactor 
coolant. The concentration of soluble boron (SB) is relatively easy to adjust. However, its 
maximum concentration is limited to about 2000 ppm primarily by the coolant chemistry 
 66
considerations [10] and coolant temperature reactivity coefficient. As a result, much smaller 
amount of excess reactivity can be controlled by SB in Pu containing lattices than in 
conventional UO2 lattices, which also implies more extensive use of burnable poisons and the 
requirement for the higher BP loadings. 
 
In light of the considerations stated above, an evaluation of the core critical boron 
concentration (CBC) as a function of burnup must be performed in order to estimate the BP 
loading such that the maximum CBC does not exceed the limit of 2000 ppm. 
 
Discharge fuel burnup and cycle length can be estimated to a reasonable degree of accuracy 
based on assembly level burnup calculations through the use of the Linear Reactivity Model 
[7]. Somewhat more complex procedure can be used for the fuel cycle analysis if the 
reactivity dependence on burnup is evidently non-linear. Such technique, known as Non-
Linear Reactivity Model (NLRM), was used for the analysis reported in Task 2 of the current 
project.   
 
In work on Task 3, we developed a calculational methodology based on NLRM, which 
allows estimation of the core critical boron concentration based on assembly level 
calculations data. 
 
 
III.4.1 Methodology 
The developed methodology can be applied to various burnable poison design options e.g. BP 
homogenously mixed with the fuel, BP coating of the fuel pellet (IFBA-type), or BP 
containing rods inserted into guide tubes (WABA).    
In the case of homogeneous poison or IFBA rods, the core was assumed to consist of fresh, 
once-burned and twice-burned fuel assemblies of the same type. In the case of WABA, the 
poison rods are located in the fresh fuel and removed after first refueling.  
 
The following additional assumptions were made in the methodology development: 
− The core is managed in 3-batch scheme, although this model can be easily extended for 
the general n-batch core case. 
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− The core is operated at steady state (equilibrium core). 
− Equal power share between different fuel batches within the core is assumed.  
 
 The single-batch corrected for leakage core reactivity, EFFρ , is given by: 
laekageassemblyEFF BUBU ρρρ −= )()(  (1) 
 
The assumption of equal power sharing between all fuel batches in the core results in the 
following relation between reactivity of the core and reactivities of individual fuel batches: 
 
3
)()()()(
321 BUBUBUBU EFFEFFEFFcore
ρρρρ ++=  (2) 
 
where )(BUiEFFρ  is reactivity of  i’th batch. 
 
Since only one fuel type is assumed, the batches differ only in their accumulated burnup. In 
addition, the average core reactivity becomes zero at the end of each cycle (EOC). Then, 
assuming the same assembly type for all batches, the burnup accumulated by each batch in 
one cycle ( CBU ) can be found from the following relation: 
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After that, we can determine the core reactivity as a function of burnup using the single 
assembly reactivity and cycle burnup ( CBU ), 
3
)2()()()( CYCLEEFFCYCLEEFFEFFcore
BUBUBUBUBUBU ×++++= ρρρρ  (4) 
 
Since we know the core reactivity at every burnup point (Eq. (4)), we can derive an 
expression for the core critical boron concentration (CBC) as function of burnup. Here, CBC 
is a soluble boron concentration required to keep the core reactivity equal to zero during the 
fuel cycle. First, we define the soluble boron reactivity worth (BW) as the change in 
reactivity per one ppm change in the soluble boron concentration: 
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where ppm1 and ppm2 are the two boron concentrations, EFFρ (ppm1) and EFFρ (ppm2) are the 
two corresponding reactivity values. Since BW varies with burnup, fuel batches will have 
different BW at each burnup point. From Eq. (5), we can find that the batch reactivity 
expressed through the soluble boron concentration and worth is: 
 
ppmBWBatchEFF ×=ρ  (6)
 
Thus, the core CBC can be found from applying Eq. (6) to Eq. (4): 
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where,  
3
)2()()( CC
AVE
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Finally, solving (7) for the core CBC, we obtain: 
)(
)()(
BUBW
BUBUppm
AVE
core
core
ρ=  (9) 
 
III.4.2 Description of Calculation Procedure 
In order to estimate core reactivity and CBC using NLRM, we performed three fuel assembly 
burnup calculations with the BOXER code. In the first calculation, we found fuel assembly 
reactivity, ρassembly, as function of burnup. In this calculation, soluble boron concentration is 
equal to zero. Then, we fit the calculated fuel assembly reactivity versus burnup data to 5th 
order polynomial function using Least Square Fit algorithm:  
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In the next two BOXER runs, we calculate single assembly CBC using BOXER built-in 
option for critical poison concentration search instead of k-inf eigenvalue search. In these two 
calculations, the k-inf values are forced to be equal to 1.03 and 1.04 respectively. Here, we 
assume 3% ρ∆  leakage reactivity and 1% ρ∆  perturbation for the estimation of BW at each 
burnup point. From the results of these two calculations, we derive ρ∆  and ppm∆ . Then, 
using Eq.(5) we obtained assembly BW at each time-step and fit the derived assembly BW 
versus burnup data to 5th order polynomial function using Least Square Fit algorithm:  
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Finally, the core CBC is calculated from Eq. (9), in which the core reactivity is calculated 
using Eq. (4) and the core average BW is calculated using Eq. (8).  
 
As mentioned earlier, for the WABA type burnable poison absorber analysis, the non-
poisoned batch reactivity and BW data was used for the simulation of once- and twice-burnt 
fuel batches. 
 
III.5 Scope of calculations 
This section presents a list of all cases investigated in this work. Table III-8 presents a matrix 
of possible geometry-BP material arrangements 
 
Table  III-8. Matrix of calculated BP designs 
               BP Material 
 
BP Geometry 
B Gd Hf Er 
WABA-type WABA-B WABA-Gd WABA-Hf WABA-Er 
IFBA-type IFBA-B IFBA-Gd IFBA-Hf IFBA-Er 
Homogeneous 
Fuel/BP - Hom-Gd Hom-Hf Hom-Er 
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For each of the BP design options several sub-cases were analyzed, by varying the number of 
BP rods per assembly, volume and/or BP material density. Reminder: the defined scope of 
calculations was to deduce the potential of each design to address design challenges of the 
FFF cores and sensitivity of the performance parameters to a specific BP design parameter. 
For all cases, the comparisons are performed for core critical Boron concentrations, by 
implementing the non-linear reactivity model. 
Table III-9, shown below, summarizes all 54 BP design options considered. Tables III-10 
through III-12 describe the WABA, IFBA and Homogeneous BP designs respectively.  
 
Table  III-9. List and Description of all calculated cases 
Cases 2 – 4: WABA/Boron, different B densities; 
Cases 5 – 10: WABA/Gd, Variable BP volume, ring geometry, Gd density, assembly comparisons only; 
Cases 11 – 13: WABA/Gd 
Cases 14 – 16: WABA/Hf 
Cases 17 – 19: WABA/Er 
For each material: 
constant  BP densities; 
variable ring geometry; thus, different BP volume; 
Cases 20 – 27: IFBA/B, IFBA/Gd, IFBA/Hf, IFBA/Er, variable BP material, coating thickness; 
Cases 28 – 36: Homo/Gd, variable Gd volume, and number of rods/assembly; 
Cases 37 – 45: Homo/Hf, variable Hf volume, and number of rods/assembly; 
Cases 46 – 54: Homo/Er; variable Er volume, and number of rods/assembly. 
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Table  III-10. WABA Cases 
Case # Case designation 
Inner / outer 
radii of the BP ring (cm) 
BP material 
in BP 
region 
(vol.%) 
Number of BP 
rods per 
assembly 
Total weight of 
BP 
(kg/assembly) 
1 No BP - - 0 0.00 
2 WABA-B-1 0.35306 / 0.40386 20.4 24 0.39 
3 WABA-B-2 0.35306 / 0.40386 N/A 24 0.44 
4 WABA-B-3 0.35306 / 0.40386 N/A 24 0.55 
5 WABA-Gd-1 0.35306 / 0.40386 50.0 24 3.74 
6 WABA-Gd-2 0.29360 / 0.40386 50.0 24 3.74 
7 WABA-Gd-3 0.37931 / 0.40386 50.0 24 3.74 
8 WABA-Gd-4 0.35306 / 0.44895 50.0 24 3.74 
9 WABA-Gd-5 0.35306 / 0.46895 50.0 24 3.74 
10 WABA-Gd-6 0.35306 / 0.40386 100.0 24 7.47 
11 WABA-Gd-7 0.40137 / 0.46895 100.0 24 11.43 
12 WABA-Gd-8 0.36758 / 0.46895 100.0 24 16.48 
13 WABA-Gd-9 0.33379 / 0.46895 100.0 24 21.08 
14 WABA-Hf-1 0.40137 / 0.46895 100.0 24 14.77 
15 WABA-Hf-2 0.36758 / 0.46895 100.0 24 21.29 
16 WABA-Hf-3 0.33379 / 0.46895 100.0 24 27.24 
17 WABA-Er-1 0.40137 / 0.46895 100.0 24 13.18 
18 WABA-Er-2 0.36758 / 0.46895 100.0 24 19.01 
19 WABA-Er-3 0.33379 / 0.46895 100.0 24 24.32 
 
Table  III-11. IFBA Cases 
Case # Case designation 
IFBA 
coating 
thickness 
(mm) 
BP material 
in BP region 
(vol.%) 
Number of BP 
rods per assembly 
Total weight of BP 
(kg/assembly) 
20 IFBA-B-1 0.0115 100.0 116 0.72 
21 IFBA-B-2 0.0115 100.0 264 1.64 
22 IFBA-Gd-1 0.0115 100.0 116 0.88 
23 IFBA-Gd-2 0.0115 100.0 264 1.99 
24 IFBA-Gd-3 0.0160 100.0 156 1.64 
25 IFBA-Gd-4 0.0160 100.0 264 2.78 
26 IFBA-Hf-1 0.0160 100.0 264 3.24 
27 IFBA-Er-1 0.0160 100.0 264 3.63 
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Table  III-12.  Homogeneous Cases 
Case 
# 
Case 
designation 
BP material 
in BP 
region 
(vol/o) 
Number of BP 
rods per 
assembly 
Total weight of 
BP 
(kg/assembly) 
28 HOMO-Gd-1 0.5 264 1.79 
29 HOMO-Gd-2 1.0 264 3.58 
30 HOMO-Gd-3 2.0 264 7.17 
31 HOMO-Gd-4 0.5 132 0.90 
32 HOMO-Gd-5 1.0 132 1.79 
33 HOMO-Gd-6 2.0 132 3.58 
34 HOMO-Gd-7         0.5        64 0.43 
35 HOMO-Gd-8        1.0        64 0.87 
36 HOMO-Gd-9 2.0 64 1.74 
37 HOMO-Hf-1 1.0 264 9.26 
38 HOMO-Hf-2 2.0 264 18.53 
39 HOMO-Hf-3 3.0 264 27.79 
40 HOMO-Hf-4 1.0 132 4.63 
41 HOMO-Hf-5 2.0 132 9.26 
42 HOMO-Hf-6 3.0 132 13.90 
43 HOMO-Hf-7 1.0 64 2.25 
44 HOMO-Hf-8 2.0 64 4.49 
45 HOMO-Hf-9 3.0 64 6.74 
46 HOMO-Er-1 2.0 264 4.13 
47 HOMO-Er-2 4.0 264 8.27 
48 HOMO-Er-3 6.0 264 12.40 
49 HOMO-Er-4 2.0 132 2.07 
50 HOMO-Er-5 4.0 132 4.13 
51 HOMO-Er-6 6.0 132 6.20 
52 HOMO-Er-7 2.0 64 1.00 
53 HOMO-Er-8 4.0 64 2.00 
54 HOMO-Er-9 6.0 64 3.01 
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III.6 Results of calculations 
This section presents summary of the calculational results, starting with a reference, No BP 
case, and continuing with all possible BP design options and variable parameters. Results are 
grouped into sub-sections and presented in the order following the list of cases summarized in 
Tables III-10 through III-11. 
 
III.6.1 WABA-type BP designs 
 
Cases 2 – 4: WABA/Boron, different B densities 
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Figure  III-9. CBC for WABA-Boron cases with variable poison density 
 
Fig. III-9 shows a limited potential of reducing the maximum CBC by utilization of possible 
WABA-B BP designs. Maximum loading of WABA-B in all available core positions may 
reduce CBC from ~ 5,000 ppm to about 3,800 ppm. Thus, utilization of the WABA-B BP in 
Pu-based FFF core does not provide an adequate solution for the design problems considered 
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in this report. This conclusion supports results of numerous analyses performed and reported 
in the past. 
 
Cases 5 – 10: WABA/Gd, Variable BP volume, ring geometry, and Gd density 
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Figure  III-10. K-ass for WABA-Gd cases with variable BP ring dimensions 
 
Assembly criticality curves shown in Fig. III-10 summarizes potential of WABA-Gd BP 
design for different BP ring dimensions, i.e. volume fraction.  Number of Gd rods is 24 for all 
cases and Gd density is varied accordingly to conserve total poison weight per assembly.  
It may be concluded that increasing Gd region of the WABA-type geometry, available within 
the guide tube (all 24 positions), may result in a modest reduction of the required control 
reactivity.  
A potential for the excess reactivity reduction of WABA-Gd BP is demonstrated in Fig. III-
11, where WABA-Gd-1 represents a standard design (dimensions), and WABA-Gd-6 
represents a case with maximum poison load achievable in standard WABA-type geometry of 
a PWR of current generation and Gd poison material. A reduction of ~4% ∆K in BOC 
reactivity may be achieved. Though, this reduction is not negligible, clearly stand-alone 
utilization of WABA-Gd BP design can not address adequately the problem of excess CBC in 
FFF lattices. 
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Figure  III-11. K-ass for WABA-Gd cases with variable BP content 
 
Cases 11 – 13: WABA/Gd  
 
Assuming constant (maximum attainable) poison density in a single BP rod and 24 
rods/assembly, these cases show potential to reduce CBC for different BP ring dimensions 
(inner and outer diameter). Contrary to cases 5-10, total weight of Gd/assembly is varied 
proportionally to variation of Gd volume/rod. Fig. III-12 shows the comparison which leads 
to conclusion that the CBC is reduced from 4,100 ppm to 3,500 ppm for a maximum poison 
weight. Thus, the summary conclusion is that utilization of Gd poison in WABA-type 
geometry has a potential to compensate excess criticality equivalent to reduction of CBC of 
about 600 ppm.  
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Figure  III-12. WABA-Gd cases with variable BP content and BP ring dimensions 
 
Cases 14 – 16: WABA/Hf  
This sub-section presents the results of WABA-type geometry with Hf BP material. Poison 
ring was varied resulting in different poison volume and total weight, while poison density 
was kept constant for all cases. Results are shown in Fig. III-13 and indicate that utilization of 
Hf burnable absorber in WABA-type geometry has no potential for a significant reduction of 
CBC requirements. 
 
 
Cases 17 – 19: WABA/Er  
This sub-section presents the results of WABA-type geometry with Er BP material. Poison 
ring was varied resulting in different poison volume and total weight, while poison density 
was kept constant for all cases. Results are shown in Fig. III-14 and indicate, as in Hf cases, 
that utilization of Er burnable absorber in WABA-type geometry has no potential for a 
significant reduction of CBC requirements. 
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Figure  III-13. CBC for WABA-Hf cases with variable BP ring dimensions 
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Figure  III-14. CBC for WABA-Er cases with variable BP ring dimensions 
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The results of the WABA-type designs calculations (cases 11 – 19) are summarized in Table 
III-13, showing maximum required CBC and residual poison penalty in effective full power 
days per cycle. An overall conclusion from all cases considered shows clearly that utilization 
of BP designs of WABA-type geometry with all possible BP materials does not present a 
viable solution for design challenges of Pu-based FFF cores. 
Table  III-13. Results Summary: WABA cases (11-19) 
Case 
# BP Material Maximum CBC (ppm) 
Residual poison 
penalty (EFPD/cycle) 
11 3797 47 
12 3632 59 
13 
Gd2O3 
3473 67 
14 4029 31 
15 3956 40 
16 
Er2O3 
3787 47 
17 4060 32 
18 3912 44 
19 
HfO2 
3818 51 
 
III.6.2 IFBA-type BP designs  
Cases 20 – 27:  IFBA-type geometry with B, Gd, Hf, and Er BP materials 
This sub-section presents the results of calculations for IFBA-type BP geometries with all BP 
materials. The results are summarized in Table III-14 and Fig. III-15. Variable design 
parameters were poison coating thickness and number of BP pins/assembly.  
Main conclusions from the presented results may be summarized as follows: 
• IFBA-type BP designs with Hf and Er are not capable to reduce maximum CBC 
below 3,000 ppm. 
• IFBA-type BP design with 264 BP rods/assembly may reduce maximum CBC to 
2,400 ppm. Assembly pin-power peak exceeds in this case value of 1.2. 
• IFBA BP design alone is not capable of reducing the maximum core CBC below 
2,000 ppm even if all fuel pins in the assembly have BP (IFBA) coating. 
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Table  III-14. Results Summary: IFBA cases 
Case 
# 
Case 
designation 
BP 
material 
pins per 
assembly
coating 
thickness 
(mm) 
CBC 
(ppm) 
Residual 
penalty 
(EFPD) 
Max.  
Pin power 
peak  
21 IFBA-B-1 116 0.0115 4314 3.6 1.085 
22 IFBA-B-2 
ZrB2 264 0.0115 3587 9.7 1.112 
23 IFBA-Gd-1 116 0.0115 3364 1.4 1.156 
24 IFBA-Gd-2 264 0.0115 2886 4.3 1.113 
25 IFBA-Gd-3 156 0.0160 2695 2.6 1.220 
26 IFBA-Gd-4 
Gd2O3 
264 0.0160 2397 6.0 1.113 
27 IFBA-Hf-1 HfO2 264 0.0160 3486 42.4 1.118 
28 IFBA-Er-1 Er2O3 264 0.0160 3789 15.7 1.119 
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Figure  III-15. CBC for IFBA-type geometry 
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III.6.3 BP designs based on homogeneous mixture of fuel and poison material. 
Cases 28 – 36: Homo/Gd  
Homogeneous fuel/Gd BP designs are summarized in this sub-section. Two design 
parameters were varied:  
• Gd volume content – 0.5, 1.0, and 2.0 volume percent, and  
• Number of rods/assembly – 64, 132, and 264. 
Main results are summarized in Table III-15 and Figures III-16 through III-21. 
 
Table  III-15. Results Summary: Homo-Gd cases 
Case 
# 
Case Id 
Pins per 
assembly 
v/o BP 
max CBC 
(ppm) 
Residual 
penalty 
(EFPD) 
assembly 
Pin power 
peak 
28 HOMO-Gd-1 0.5 2943 5 1.113 
29 HOMO-Gd-2 1.0 2161 8 1.164 
30 HOMO-Gd-3 
264 
2 1117 16 1.136 
31 HOMO-Gd-4 0.5 3430 3 1.112 
32 HOMO-Gd-5 1.0 2779 4 1.197 
33 HOMO-Gd-6 
132 
2 2114 8 1.145 
34 HOMO-Gd-7 0.5 4059 1 1.111 
35 HOMO-Gd-8 1.0 3680 2 1.233 
36 HOMO-Gd-9 
64 
2 3433 4 1.156 
 
 
Figures III-16 to III-18 show CBC curves for different number of rods per assembly with 
different Gd volume content, and Fig. III-19 shows CBC curves for identical Gd content 
distributed in different number of rods/assembly. Results presented in this section indicate 
that homogeneous Gd/fuel BP designs offer real potential to reduce maximum critical boron 
concentration to an acceptable level of 2,000 ppm or less. From the neutronic perspective a 
preferable solution is to distribute a given amount of Gd poison among all fuel rods within 
assembly (see Fig. III-19). 
Additional consideration is the residual penalty associated with incomplete burnup of poison 
at EOC.   
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Figure  III-16. CBC for 0.5, 1.0, 2.0 v/o poison (264 BP rods/assembly) 
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Figure  III-17. CBC for 0.5, 1.0, 2.0 v/o poison (132 BP rods/assembly) 
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Figure  III-18. CBC for 0.5, 1.0, 2.0 v/o poison (64 BP rods/assembly) 
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Figure  III-19. CBC, 264, 132, 64 rods/assembly, Gd weight = 1.79 kg/assembly 
An alternative presentation of the maximum core CBC and residual penalty effect is given in 
Figures III-20 and III-21. 
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Figure  III-20. Maximum CBC for all Homo-Gd Designs 
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Figure  III-21. Residual BP penalty for all Homo-Gd designs  
 
The efficient reduction of the maximum CBC required is inversely proportional to a residual 
poison penalty. This effect is intuitively consistent with a notion that an increase in a total 
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amount of BP causes a reduction in excess reactivity requirement (CBC) and at the same time 
an increase in residual amount poison at EOC. 
The overall conclusion relevant to developing the Pu-based FFF core is that Homogeneous 
Gd/fuel BP designs are capable to reduce the maximum CBC to about 2,000 ppm. It is also 
demonstrated that distributing about 4 kg of Gd among half of the fuel rods in assembly (132) 
results in a relatively low penalty on fuel cycle length of 2 – 8 full power days. 
 
Cases 37 – 45: Homo/Hf  
Following sub-sections presents summary of results for homogeneously distributed Hf and Er 
BP designs. Similarly to Gd design options, both Hf and Er were distributed homogeneously 
in 64, 132, and 264 fuel rods. Hf loading was varied for 2, 4, and 6 volume percents, and Er 
for 1, 2, and 3 volume percents. 
The results of the calculations for homogeneous Hf BP designs are summarized in Table III-
16 and Figures III-22 through III-26. A potential to reduce maximum CBC by utilizing Hf BP 
in 264 or 132 fuel rods is demonstrated. Hf volume content of  
2–3 % seems feasible: pin power peaks are within a reasonable range. The major problem is 
poor burnup characteristics of Hf depletion chain, resulting in large residual penalty in the 
range of 100 to 150 full power days per cycle. This penalty may lead to an unacceptably high 
penalty on a fuel cycle economics. 
The possible solution to this problem is utilization of an enriched Hf isotopic composition, 
and is planned for the next stage of this project. 
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Figure  III-22. CBC, Hf, 1 v/o and 2 v/o, (264 pins) 
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Figure  III-23. CBC, Hf, 1 v/o, 2 v/o and 3 v/o, (132 pins) 
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Figure  III-24. CBC, Hf, 1 v/o, 2 v/o and 3 v/o, (64 pins) 
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Figure  III-25. Max. Core CBC with Hf BP 
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Figure  III-26. Cycle length penalty for Hf BP 
 
 
Table  III-16. Results Summary: homogeneous Hf designs 
Case 
# 
 
Case 
designation 
BP 
material 
No of pins 
per 
assembly 
Volume % of 
BP material 
max 
CBC 
(ppm) 
residual 
penalty 
(days) 
Pin power 
peak 
37 HOMO-Hf-1 1.0 2425 101 1.121 
38 HOMO-Hf-2 2.0 828 279 1.124 
39 HOMO-Hf-3 
264 
3.0 N/A 
40 HOMO-Hf-4 1.0 3534 46 1.107 
41 HOMO-Hf-5 2.0 2636 93 1.099 
42 HOMO-Hf-6 
132 
3.0 1922 153 1.096 
43 HOMO-Hf-7 1.0 4179 21 1.115 
44 HOMO-Hf-8 2.0 3732 39 1.113 
45 HOMO-Hf-9 
HfO2 
64 
3.0 3354 57 1.112 
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Cases 46 – 54: Homo/Er 
The results of calculations for homogeneously mixed Er BP are presented below. Three Er 
volume fractions were considered – 2 v/o, 4 v/o, and 6 v/o, mixed with 64, 132, and 264 fuel 
rods. Overall, 9 cases were considered, and results are shown in Table III-17 and Figures III-
27 through III-31. 
Results indicate that a significant reduction of maximum CBC, below 2,000 ppm, may be 
achieved by utilizing 4 or 6 v/o of Er mixed in 132 or 264 fuel rods.  Similarly to Hf designs, 
residual Er poison penalty of 40 to 120 full power days seems unacceptably high. Utilization 
of enriched Er isotopic composition will be considered at the next stage of the project as a 
possible solution. 
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Figure  III-27. CBC, Er 2 v/o and 4 v/o, (264 pins) 
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Figure  III-28. CBC, Er 2 v/o, 4 v/o and 6 v/o, (132 pins) 
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Figure  III-29. CBC, Er 2 v/o, 4 v/o and 6 v/o, (64 pins) 
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Figure  III-30. Max. Core CBC for Er BP 
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Figure  III-31. Cycle length penalty for Er BP 
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Table  III-17. Results Summary: Homogeneous cases with Er 
Case 
# 
Case 
designation 
BP 
material 
No of pins 
per 
assembly 
Volume 
% of BP 
material 
max CBC 
(ppm) 
residual 
penalty 
(days) 
Pin power peak 
46 HOMO-Er-1 2.0 2604 41 1.122 
47 HOMO-Er-2 4.0 644 129 1.125 
48 HOMO-Er-3 
264 
6.0 N/A 
49 HOMO-Er-4 2.0 3690 19 1.094 
50 HOMO-Er-5 4.0 2740 42 1.106 
51 HOMO-Er-6 
132 
6.0 1864 76 1.116 
52 HOMO-Er-7 2.0 4268 8 1.115 
53 HOMO-Er-8 4.0 3819 18 1.114 
54 HOMO-Er-9 
Er2O3 
64 
6.0 3406 28 1.115 
 
III.7 Task 3 Summary 
In this task, we assessed the potential of different BP designs and BP materials to 
reduce the critical boron concentration (CBC) of the Pu-FFF core to below the limit of 
2000 ppm. The considered BP materials (B, Gd, Hf, and Er) were utilized in three 
geometrical arrangements: WABA-type, IFBA-type, and Homogeneous fuel-BP 
mixture. For each of the BP design options several sub-cases were considered, varied 
by number of BP rods per assembly, volume and/or BP material density. For each 
case, three main performance parameters of the BP designs were evaluated:  
− CBC required during the cycle, 
− Residual reactivity penalty associated with incomplete depletion of the BP 
material, 
− Assembly pin power peaking factors. 
In order to evaluate these performance parameters, we developed a calculation 
methodology based on non-linear reactivity model (NLRM), which allows estimation 
of the fuel cycle length and the core CBC based on assembly level calculations data. 
 
The results of calculations, performed in this task, can be summarized as follows: 
1. WABA-type 
− Utilization of all BP materials in WABA-type geometry cannot 
significantly reduce the core CBC. 
− The residual fuel cycle length penalty is minimal because WABA 
absorbers are physically removed from the assembly after first out of three 
irradiation cycles. 
2. IFBA-type 
− IFBA-type BP designs with Hf and Er can reduce maximum CBC up to 
3,000 ppm. 
− IFBA-type BP design with Gd, 264 BP rods/assembly may reduce 
maximum CBC to 2,400 ppm. Assembly pin-power peak exceeds in this 
case value of 1.2. 
− IFBA design alone cannot reduce maximum CBC below 2,000 ppm even 
if 100% of fuel pins in the core are IFBA pins. 
3. Homogeneous fuel-BP 
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− Homogeneous Gd/fuel BP designs are capable of reducing the maximum 
CBC to less than 2,000 ppm. It was demonstrated that about 4 kg of Gd 
per fuel assembly distributed among 132 or 264 pins results in a relatively 
low penalty on fuel cycle length of 8 full power days. 
− A significant reduction of maximum CBC, below 2,000 ppm, may also be 
achieved by utilizing 2 - 3 v/o of Hf or 4 - 6 v/o of Er mixed in 132 or 264 
fuel rods.  
− However, the major problem with using Hf and Er BP is the large residual 
penalty in the range of 40 to 150 full power days per cycle. 
− The possible solution to this problem is utilization of an enriched Hf or Er 
isotopic compositions.    
 
IV. Task 4: Evaluation of Reactivity Feedback Coefficients 
IV.1 Introduction 
This section of the report presents the results of the Task 4, defined in working 
program as: evaluation of reactivity feedback coefficients. Three main parameters of 
the Fertile-Free Fuel (FFF) lattices were evaluated: Moderator Temperature 
Coefficient (MTC), Fuel Temperature Coefficient due to Doppler Effect (DC), and 
soluble Boron reactivity worth (BW).  
One of the major design challenges associated with utilization of FFF is deterioration 
of the temperature coefficients and control materials reactivity worth caused by high 
thermal cross-section of Pu and consequent hardening of the neutron spectrum. The 
purpose of the investigation reported in this section is to estimate the potential of 
addition of different burnable poison (BP) materials to improve reactivity feedback 
coefficients without significant deterioration of control materials worth. Therefore, 
each parameter was evaluated for all BP design options. For each design option, i.e. 
BP material and geometrical arrangement, one design was selected, that with 
sufficient loading of BP material to ensure operationally acceptable maximum soluble 
boron concentration. These BP loading values were determined in Task 3 of the 
current project. 
List of calculated cases is presented in the following subsection, the case 
identification and associated design parameters are detailed in the “Task 3” section of 
this report.   
 
IV.2 List of calculated cases 
 
This subsection presents a list of all BP designs considered for evaluation of reactivity 
feedback coefficients. Main design parameters are summarized in Table IV-1 for 
WABA, Table IV-2 for IFBA, and Table IV-3 for Homogeneous design options. 
Additional details may be found in previous progress reports; designations of the 
design options shown as the case #, are kept consistent with the Task 3 section of the 
report.  
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In addition to cases with practical BP loading for each design option and selected 
from the Task 3, we also calculated the same set of reactivity coefficients for cases 
with BP loading reduced roughly by 20%. This is in order estimate the sensitivity of 
the reactivity coefficients to the BP concentrations and by that to evaluate the 
potential of each BP material and design to improve these coefficients. 
In Tables IV-1 through IV-3, the cases with the reduced BP loading are designated as 
“x.1”, where x denotes the case number consistent with the Task 3 designations.      
 
 
Table  IV-1. WABA cases 
Case # 
 
Case 
designation 
Inner / outer radii of 
BP ring (cm) 
BP material 
in BP region 
(vol./o) 
Number 
of BP rods 
per assembly 
Total weight 
of BP 
(kg/assembly) 
1 No BP - - 0 0.00 
13 WABA-Gd-9 0.33379 / 0.46895 100 24 21.08 
13.1 WABA-Gd-9.1 0.33379 / 0.46895 80 24 16.86 
16 WABA-Hf-3 0.33379 / 0.46895 100 24 27.24 
16.1 WABA-Hf-3.1 0.33379 / 0.46895 80 24 21.79 
19 WABA-Er-3 0.33379 / 0.46895 100 24 24.32 
19.1 WABA-Er-3.1 0.33379 / 0.46895 80 24 19.46 
 
 
Table  IV-2 IFBA cases 
Case # Case designation 
IFBA coating 
thickness 
(mm) 
BP material 
in BP region 
(vol./o) 
Number of BP 
rods per assembly 
Total weight of BP 
(kg/assembly) 
25 IFBA-Gd-4 0.0160 100 264 2.78 
25.1 IFBA-Gd-4.1 0.0160 80 264 2.22 
26 IFBA-Hf-1 0.0160 100 264 3.24 
26.1 IFBA-Hf-1.1 0.0160 80 264 2.59 
27 IFBA-Er-1 0.0160 100 264 3.63 
27.1 IFBA-Er-1.1 0.0160 80 264 2.90 
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Table  IV-3. Homogeneous cases 
Case # Case designation 
IFBA coating 
thickness 
(mm) 
BP material 
in BP region 
(vol./o) 
Number of BP 
rods per assembly 
Total weight of BP 
(kg/assembly) 
30 HOMO-Gd-3 - 2.0 264 7.17 
30.1 HOMO-Gd-3.1 - 1.6 264 5.74 
37 HOMO-Hf-1 - 1.0 264 9.26 
37.1 HOMO-Hf-1.1 - 0.8 264 7.41 
46 HOMO-Er-1 - 2.0 264 4.13 
46.1 HOMO-Er-1.1 - 1.6 264 3.30 
 
 
IV.3 Methodology 
As in the previous analyses, BOXER computer code was used in this task. Also, all 
the neutronic calculations were performed for a single fuel assembly of a typical PWR 
(17x17 pins) geometry with reflective boundary conditions (infinite medium).   
The MTC, DC, and BW were calculated at three time points: Beginning of Life (BOL 
- 1 EFPD), Middle of Life (MOL - 700 EFPD), and End of Life (EOL - 1400 EFPD). 
The soluble boron concentration was taken to be equal to 2000 ppm, 1000 ppm, and 0 
ppm at BOL, MOL and EOL respectively in order to approximate conditions close to 
realistic core.  
All reactivity coefficients were calculated at Hot-Full-Power (HFP), Xe-equilibrium, 
All-Rods-Out (ARO) operating conditions. 
In addition, standard UO2, 4.21% enriched, fuel reactivity coefficients were evaluated 
for the comparison purposes. It is also important to note that the values of reactivity 
coefficients obtained from the assembly level calculations cannot provide a reliable 
estimate of the real core with finite dimensions and multiple fuel types. Therefore, the 
assembly calculation results should be used only for the comparison of different 
burnable poison designs against the reference UO2 fuel evaluated on the same basis. 
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IV.3.1 Moderator temperature coefficient 
The MTC relates a change in reactivity to a change in reactor coolant temperature. 
It is defined as the change in reactivity per degree change in moderator temperature 
and calculated as:  
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where T1 and T2 are two moderator temperature values, kinf (T1) and kinf (T2) are 
corresponding criticality values, while MTC values are attributed to the middle of the 
corresponding (T1 - T2 ) range and is measured in terms of pcm per 1°C. In these 
calculations, T1=307.5 °C, and T2=312.5 °C were used. 
 
IV.3.2 Fuel temperature coefficient due to Doppler Effect 
 The Doppler coefficient (DC) is defined as the change in reactivity per degree 
change in effective fuel temperature due to the Doppler resonance broadening and 
calculated as:  
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where T1 and T2 are two fuel temperatures, while kinf (T1) and kinf (T2) are 
corresponding criticality values. The Doppler coefficient is measured in terms of pcm 
per 1°C. Here, we used T1=605.0 °C, and T2=645.0 °C. 
 
IV.3.3 Boron reactivity worth coefficient 
The boron worth (BW) coefficient is defined as the change in reactivity per one 
ppm change in the soluble boron concentration and calculated as: 
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where B1 and B2 are two boron concentrations, kinf (B1) and kinf (B2) are corresponding 
criticality values, and is measured in terms of pcm per 1ppm. In this case, we used the 
reference boron concentration ±50 ppm for the values of B1 and B2 in each time point.  
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IV.4 Results of calculations 
The results of the reactivity coefficients calculations for all considered cases are 
presented in Tables IV-4 through IV-6. 
IV.4.1 Moderator temperature coefficient 
Moderator temperature coefficients are reported in Table IV-4. For all calculated 
burnable poison designs the MTC remains negative throughout the fuel lifetime with 
exception of Gd in IFBA and Homogeneous designs. In these Gd BP cases, the MTC 
at BOL is very strongly positive (on the order of +100 pcm/°C). This is due to the fact 
that in contrast to Er and Hf burnable poisons, Gd is a strong thermal absorber rather 
than resonance neutrons absorber. Therefore, in case of spectrum hardening due to the 
lower water density, absorption in Gd decreases resulting in an increase in reactivity.  
In the case of reference “All-U” fuel the MTC is also positive at BOL (although only 
slightly: +11 pcm/°C). However, this is due to the fact that the assumed soluble boron 
concentration at BOL is relatively high – 2000 ppm.  
 
All-Uranium fuel exhibits somewhat stronger dependence of MTC on the 
concentration of soluble boron than investigated Pu-FF fuel with Gd, as illustrated by 
Figure IV-1. As can be observed, the All-U fuel MTC becomes negative at SB 
concentration in the coolant below 1500 ppm. Whereas, MTC at BOL for the Pu-FFF-
Gd fuel remains positive for the whole range of the SB concentration.  
 
Additional illustration of the fact that Gd is largely responsible for the positive MTC 
in FFF is presented in Figure IV-2. The Figure shows the dependence of MTC at BOL 
on Gd2O3 loading in Pu-FFF at 2000 ppm of soluble boron in the coolant. The MTC is 
slightly negative only for “No BP” case. So that even small addition of Gd results in a 
positive MTC. The effect of MTC variation with Gd loading calculated with BOXER 
code was verified by performing the Monte-Carlo simulations with MCNP-4C code 
[12]. The MTC values obtained with the two codes agree within the statistical error of 
Monte Carlo calculations. 
In WABA cases, the MTC at BOL is negative for all BP materials including Gd. This 
is due to the fact that the fuel, in this case, does not compete directly with BP for 
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neutron absorption as a result of the spatial separation of the fuel and BP. In fact, Gd-
WABA case exhibits the most negative MTC at BOL among all the calculated cases. 
At the MOL point, the MTC is negative for all considered BP materials and designs. 
In addition, all cases show the same general trend of becoming more negative with 
fuel burnup. This indicates that in a real core consisting of a mixture of fresh and 
partially burned fuel assemblies, the core average MTC may still be negative at BOL 
even for the Gd-IFBA and Gd-HOMO designs. Such an assumption can be reliably 
verified only by performing a full core 3-dimensional analysis. The Er and Hf cases in 
IFBA and Homogeneous geometries have MTC values very similar to those of the 
reference UO2 fuel case. Although, Er has slightly higher potential of improving the 
MTC than Hf. 
Table  IV-4. MTC (pcm/°C) 
Case No. Case Designation BOL MOL EOL 
Ref. UO2, e=4.21% 11.2 -23.3 -59.9 
1 No BP 0.61 -14.03 -27.0 
13 WABA-Gd-9 -20.7 -33.76 -39.6 
13.1 WABA-Gd-9.1 -16.5 -27.8 -38.0 
16 WABA-Hf-3 -17.3 -35.6 -60.8 
16.1 WABA-Hf-3.1 -15.2 -32.6 -54.9 
19 WABA-Er-3 -12.6 -30.6 -53.2 
19.1 WABA-Er-3.1 -11.0 -28.6 -47.4 
25 IFBA-Gd-4 96.9 -16.3 -32.6 
25.1 IFBA-Gd-4.1 86.7 -16.3 -32.2 
26 IFBA-Hf-1 -9.7 -24.0 -40.0 
26.1 IFBA-Hf-1.1 -8.2 -22.4 -38.2 
27 IFBA-Er-1 -18.8 -32.6 -43.8 
27.1 IFBA-Er-1.1 -16.2 -30.2 -40.9 
30 HOMO-Gd-3 120.7 -16.7 -32.0 
30.1 HOMO-Gd-3.1 111.8 -16.7 -31.8 
37 HOMO-Hf-1 -7.0 -19.2 -34.9 
37.1 HOMO-Hf-1.1 -5.8 -18.6 -34.3 
46 HOMO-Er-1 -13.2 -24.1 -37.8 
46.1 HOMO-Er-1.1 -11.3 -22.5 -36.3 
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Figure  IV-1. Effect of SB concentration on MTC 
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Figure  IV-2. Effect of Gd loading on MTC: Boxer vs. MCNP comparison 
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IV.4.2 Doppler Coefficient 
Degradation of Doppler Coefficient in FFF in comparison with conventional UO2 fuel 
is one of the major reactor safety related concerns. With no BP, the DC is less 
negative for FFF than for UO2 by a factor of two (Table IV-5). At normal reactor 
operation, no specific requirements are imposed on the magnitude of DC except for 
the requirement that it should be negative at all times. However, the magnitude of DC 
has significant impact on the reactor safety in various accident scenarios and 
particularly important in rapid Reactivity Initiated Accidents (RIA). This is because 
DC is the only prompt reactivity feedback preventing the power runaway. For 
example, in PWR control rod ejection accident, the total energy deposition in the fuel 
can be roughly approximated by the adiabatic Fuchs-Nordheim Model [13] as: 
 
( )fuel p 0
DC
2 C   - 
E = 
ρ ρ β
α  (1) 
 
where ρfuel Cp is the volumetric fuel heat capacity [J/cm3-K], ρ0 is the initial reactivity 
inserted (by ejected rod), β is the effective delayed neutron fraction, and αDC is the 
Doppler coefficient. 
 
The total energy deposition in the fuel provides a measure of the fuel 
performance during the accident. The NRC specifies the value of 280 cal/g at any 
axial location in any fuel pin for UO2 fuel as a threshold value above which fuel 
damage and release of FP into the coolant is expected. [14]  
 
The relation (1) clearly shows that the energy deposition is inversely proportional 
to the magnitude of the Doppler Coefficient. However, it should also be noted that the 
energy deposition depends on a combination of parameters which differ considerably 
for the conventional UO2 and FFF cores. The smaller αDC and βeff for the FFF loaded 
core should make a negative contribution to the fuel performance in reactivity 
initiated accidents increasing the energy deposition in the fuel. However, lower, due 
to the harder spectrum, ejected control rod reactivity worth (ρ0) of the FFF will 
compensate for the negative effects of the smaller αDC and βeff to some extent.  
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To summarize, the acceptable, with regards to safety requirements, value of DC 
for FFF core depends on a combination of the core neutronic characteristics and 
material properties. The assessment of such safety criteria is beyond the scope of the 
current research task but must be addressed in the future. In order to perform such an 
assessment the following will be required: 
- Data on thermal properties of FFF matrix materials (e.g. thermal conductivity 
and specific heat as a function of temperature) 
- Detailed reactor dynamic simulation of the RIA accidents with thermal 
feedbacks in order to establish the core locations where the maximum energy 
deposition would occur.  
- Data on FFF performance under accidents conditions in order to establish a 
new correlation between the fuel failure and the total energy deposition. The 
US NRC 280 cal/g of heavy metal in UO2 cannot obviously be used for FFF 
because neither FF matrix materials performance nor fuel failure mechanisms 
are not very well understood yet. 
 
Although the DC values for FFF calculated in this task cannot be directly 
compared with UO2 fuel values, it is clear from the above discussion that the large 
negative value of DC is beneficial for the reactor safety.  
 
The DC values calculated for all BP designs and materials considered in this task 
are presented in Table IV-5. As can be observed from the Table IV-5, the most 
effective BP design is Er in IFBA geometry. Such a configuration, allows an increase 
in absolute value of FFF DC from -1pcm/°C for the No BP case to -1.6 pcm/°C for 
the IFBA-Er case. The effect can be explained by the fact that Er-167 is a strong 
resonance absorber (IR≈3000b [15]) with its first absorption resonance overlapping 
with fission resonance of Pu-239 (Figure IV-3), so that the DC is enhanced due to the 
mutual shielding of Pu and Er resonances. The IFBA geometry also improves the DC 
because most of the resonance absorption in the fuel occurs at the outer rim of the fuel 
pellet. Therefore, using Er as a fuel pellet coating increases the resonance neutron 
absorption in it relative to the resonance absorption in the fuel.  
 
Other considered burnable poisons are much less effective and have almost no 
effect on the Doppler Coefficient. 
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It is also worth noting that similar to MTC, DC also becomes more negative with 
the fuel burnup, so that the lowest DC value is always observed at BOL. Therefore, 
the BOC core average DC values (Uniform and Distributed DC) should be more 
negative than the BOL values presented in Table IV-5 since the core contains a 
mixture of assemblies with different burnups. 
 
Table  IV-5. DC (pcm/°C) 
Case No. Case Designation BOL MOL EOL 
Ref. UO2, e=4.21% -2.0 -2.9 -3.4 
1 No BP -1.0 -1.1 -1.5 
13 WABA-Gd-9 -1.0 -1.4 -1.6 
13.1 WABA-Gd-9.1 -1.1 -1.3 -1.7 
16 WABA-Hf-3 -1.0 -1.2 -1.8 
16.1 WABA-Hf-3.1 -1.0 -1.2 -1.8 
19 WABA-Er-3 -1.1 -1.3 -1.8 
19.1 WABA-Er-3.1 -1.1 -1.3 -1.8 
25 IFBA-Gd-4 -0.9 -1.1 -1.5 
25.1 IFBA-Gd-4.1 -0.9 -1.1 -1.5 
26 IFBA-Hf-1 -1.2 -1.3 -1.6 
26.1 IFBA-Hf-1.1 -1.2 -1.3 -1.6 
27 IFBA-Er-1 -1.6 -1.6 -2.0 
27.1 IFBA-Er-1.1 -1.5 -1.5 -1.9 
30 HOMO-Gd-3 -1.0 -1.2 -1.5 
30.1 HOMO-Gd-3.1 -1.0 -1.2 -1.5 
37 HOMO-Hf-1 -1.1 -1.1 -1.5 
37.1 HOMO-Hf-1.1 -1.1 -1.1 -1.5 
46 HOMO-Er-1 -1.3 -1.2 -1.5 
46.1 HOMO-Er-1.1 -1.2 -1.2 -1.5 
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Figure  IV-3. Er-167 (n,γ) and Pu-239 (n,f) Microscopic Cross-sections  
(JEF-2.2) [15]. 
 
IV.4.3 Soluble Boron Reactivity Worth  
The results of the soluble boron reactivity worth coefficients (BW) are summarized in 
Table IV-6. 
 
As already noted, Pu containing fuels have factor of 2 to 3 lower BW than typically 
observed in the conventional All-U cores due to the fact that Pu is much stronger 
thermal neutrons absorber than Uranium. Therefore, the BW increases with the 
depletion of fissile material and corresponding “softening” of the spectrum. This 
effect is also much stronger in FFF-Pu than in All-U fuel. While the BW of UO2 fuel 
increases almost linearly with burnup due the the buildup of Pu, the FFF exhibits a 
sharp increase in BW at EOL when most of the fissile Pu is depleted. This effect may 
cause a power peaking problem in the FFF-Pu core.   
 
In general, BP material and geometrical arrangement have limited effect on the BW of 
FFF-Pu fuel. Hf and Er tend to improve the BW slightly (from -2.4pcm/ppm in NoBP 
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case to about -2.5pcm/ppm in Er and Hf cases in IFBA and Homogeneous 
geometries), while Gd, generally, reduces it. This is due to the competition between 
Gd and Boron for thermal neutron absorption as both of these materials are mostly 
thermal neutron absorbers.    
 
Table  IV-6. BW (pcm/ppm) 
Case No. Case Designation BOC MOC EOC 
Ref. All U -5.8 -7.0 -9.5 
1 No BP -2.4 -4.0 -15.3 
13 WABA-Gd-9 -2.2 -3.5 -12.9 
13.1 WABA-Gd-9.1 -2.2 -3.5 -13.3 
16 WABA-Hf-3 -2.2 -3.8 -13.8 
16.1 WABA-Hf-3.1 -2.2 -3.8 -13.9 
19 WABA-Er-3 -2.2 -3.6 -13.3 
19.1 WABA-Er-3.1 -2.2 -3.6 -13.5 
25 IFBA-Gd-4 -1.8 -4.0 -14.9 
25.1 IFBA-Gd-4.1 -1.9 -4.0 -14.9 
26 IFBA-Hf-1 -2.5 -4.2 -15.4 
26.1 IFBA-Hf-1.1 -2.5 -4.2 -15.3 
27 IFBA-Er-1 -2.5 -4.1 -14.9 
27.1 IFBA-Er-1.1 -2.5 -4.1 -14.9 
30 HOMO-Gd-3 -1.8 -4.0 -15.5 
30.1 HOMO-Gd-3.1 -1.8 -4.0 -15.5 
37 HOMO-Hf-1 -2.6 -4.4 -19.0 
37.1 HOMO-Hf-1.1 -2.6 -4.4 -18.8 
46 HOMO-Er-1 -2.6 -4.1 -14.8 
46.1 HOMO-Er-1.1 -2.6 -4.1 -14.9 
 
IV.5 Task 3 Summary  
 
In this task, reactivity feedback coefficients of fertile free Pu containing fuels were 
evaluated and compared with those of conventional UO2 fuel. 
 
The objective of this task was to investigate the potential of different burnable poison 
materials and geometrical arrangements to improve the reactivity coefficients of 
fertile free fuels. The main design challenges of FFF include:  
- Positive Moderator Temperature Coefficient (MTC) 
- Significantly reduced Doppler Coefficient (DC) 
- Significantly reduced Soluble Boron Worth (BW)   
 
The calculations were performed with BOXER computer code on the fuel assembly 
level for the fuel composition corresponding to 18 months fuel cycle length 
(determined and reported in Task 2 of the current project).  
 
Two reservations must be made regarding applicability of the results presented in this 
report. 
1. All reactivity coefficients have large sensitivity to the soluble boron 
concentration in the coolant. The calculations in this task were performed by 
“guessing” soluble boron concentration to approximate the real conditions. 
The boron concentration in the actual core may be different. Therefore, values 
obtained in this task may serve only as a guideline for comparing different fuel 
options on the consistent basis. 
2. The used computation methods themselves may introduce significant 
uncertainties in evaluation of FFF reactivity coefficients as concluded from the 
series of computational benchmarks for various Fertile Free Fuel unit cells 
reported in Reference 16. Although, the most important findings in the current 
research task were verified by Monte Carlo neutronic simulations and found to 
be in good agreement with BOXER results. 
 
The results of calculations, performed in this task, can be summarized as follows: 
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MTC: 
1. FFF for a No BP case shows small and positive MTC at BOL. 
2. WABA-Gd shows a negative MTC of a reasonable value close to a standard 
LWR core. 
3. IFBA-Gd and HOMO-Gd cases show unacceptably large and positive MTC 
values. 
4. Hf and Er BP materials show a potential to improve MTC, where all Er 
designs seem more efficient in "correcting" the MTC value. 
5. For all BP materials and geometries simultaneous burnout of Pu and BP 
results in acceptable MTC values at MOL and EOL time-points. 
 
DC: 
1. As expected, the DC of Pu loaded FFF is reduced to ~1.0 pcm/°C as compared 
with ~2.0pcm/°C for conventional All-U fuel. 
2. No dramatic influence of BP on DC is found, with exception of a modest 
improvement for Er cases (up to -1.6 pcm/°C) 
3. DC value is becoming more negative with burnup reaching -1.5 – 2.0 at EOL. 
 
 
BW: 
1. The well-known effect of BW reduction was also observed.  In comparison 
with the reference All-U fuel, the BW is reduced by approximately a factor of 
2 to 3 due to the presence of Pu. 
2. Hf and Er in Homogeneous and IFBA configurations show modest potential of 
increasing the BW. Otherwise, addition of Gd burnable poison slightly reduces 
the BW.  
3. The effect of increasing BW towards the fuel EOL as a result of fissile 
isotopes depletion was found to be much more pronounced in FFF than in All-
U fuel, which may potentially cause power peaking problem in FFF core.
V. Conclusions 
 
Pu loaded FFF showed potential feasibility to be used in existing PWRs. All FFF problems 
may be significantly mitigated through the correct choice of BP material and configuration. 
Based on the performed analysis, it was found that a combination of BP materials and 
geometries may be required to meet all FFF design goals. The use of enriched (in most 
effective isotope) burnable poisons, such as Er-167 and Gd-157, will further improve the BP 
effectiveness and reduce the fuel cycle length penalty associated with their use. However, 
these findings can be confirmed only by performing a full core 3-dimensional neutronic 
analysis.  
The final result of the next stage of this research will be the choice of acceptable FFF core 
fraction with appropriate mix of BP designs. This result will be obtained and verified by a 
full core 3-dimansional simulation and fuel cycle analysis.      
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